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A bstract of th e  Thesis
The th re e  main re a c tio n s  th a t  occur during the  commercial p rep a ra tio n  
of u n sa tu ra te d  p o ly e s te r  r e s in s  were studied.. These were th e  ad d itio n  
of a g ly c o l to  an ac id  anhydride, th e  condensation e s te r i f i c a t io n  of 311 
a lco h o l w ith  an a c id , and th e  iso m erisa tio n  of male a te  to  fum arate g roups.
The a d d itio n  of th e  g ly c o l to  th e  anhydride was found to  be c a ta ly se d  
by th e  re a c tio n  product and the r a t e  depended on the co n cen tra tio n  of 
a lco h o l g roups, anhydride m olecules, and hydrogen io n s . S u b s ti tu tio n  of 
one end o f the  g ly c o l molecule reduced th e  r e a c t iv i ty  of th e  o th e r 
hydroxyl group and hence made the  k in e t ic s  v e ry  coup le x .
The condensation e s te r i f i c a t io n  r e a c t io n  was s tu d ie d  m ainly in  
sea led  tubes in  th e  tem perature range 50-170°. The r e s u l t s  were 
c o n s is te n t w ith  o rd er re a c tio n  where th e  r a t e  depended on th e  
co n cen tra tio n  o f  a lco h o l g roups, carboxy lic  g roups, and hydrogen io n s , 
th e  two l a t t e r  lead ing  to  a  dependence on a c id  co n cen tra tio n  to  the  
power 3 /2 .
The iso m erisa tio n  re a c t io n  was s tu d ie d  using  eq u ilib riu m  
e s te r i f i e d  m ixtures and low m olecular weight polym ers. In  a l l  c a s e s , 
th e  r a t e  was 1 s t  order w ith  re sp e c t to  m aleate c o n c en tra tio n . The 
re a c tio n  had an a c t iv a tio n  energy g re a te r  th an  th a t  o f  th e  e s te r i f i c a t i o n  
re a c t io n s .  The r a te  of iso m erisa tio n  o f p a r t i a l l y  e s t e r i f i e d  m a te r ia ls  
decreased w ith  in crease  in  th e  degree of e s t r i f i c a t io n .  The v e ry  h igh  
i n i t i a l  r a t e  of isom eration  th a t  was d e tec te d  was a t t r ib u te d  to  th e  
presence o f a  g ly c o l mono(hydrogen m a lea te ) , and was dependent on th e  
s tru c tu re  of th e  g ly c o l u sed . The n a tu re  of p o ss ib le  in te rm ed ia tes  in  
t h i s  f a c i l e  iso m erisa tio n  i s  d iscu ssed . Although th e  iso m erisa tio n  was 
.shown to  be an equ ilib rium  process jn o s t of th e  m aleate was converted  in to  
fum arate a t  th e  re a c tio n  tem peratu re .
Preface
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1 INTRODUCTION
1 .1 .  U nsatu ra ted  P o ly e s te rs *
O rganic, carboxy lic  a c id , e s te r s  can be made by a  number of 
reactions"*", th e  most common of which i s  the  condensation o f an a c id  
w ith  an a lco h o l. A simple m o d ifica tio n  o f t h i s  re a c t io n  i s  th e  use 
of an ac id  anhydride or an a c id  ch lo rid e  in  p lace  of the  a c id .
Some of th e  re a c tio n s  used  to  p repare  simple e s te r s  can a lso  be used  
to  prepare p o ly e s te rs ,  by s u ita b le  use o f d ifu n c tio n a l r e a c ta n ts .  
Thus, th e  condensation of a  d ifu n c tio n a l a lco h o l (a  g ly co l)  w ith  a  
d ifu n c tio n a l (d ib a s ic )  a c id  produces a  p o ly e s te r .
n  H0-CH2-CH2-0H H-J^CKJH2-<3H2-0-C0-CH2-CH2- -0H
ethy lene g ly c o l p o ly (e th y len e  su c c in a te ) 11
+ . —;—| ^  +
n  H0-C0-CH2-CH2-C0-0H ( 2 n - i ) H 20
su cc in ic  ac id
I f  an a c id  anhydride i s  used in s te a d  of th e  d ib as ic  a c id , th e  
same polymer i s  produced bu t th e re  a re  two re a c tio n s  invo lved . The 
f i r s t ,  i s  the  ad d itio n  of the  g ly c o l across  th e  anhydride r in g  and 
th e  form ation  of a  h a l f  e s te r ,  and th e  second, th e  e s te r i f i c a t i o n  
of th e  h a l f  e s te r  and th e  form ation  o f  a  d ie s te r  w ith  th e  e lim in a tio n  of 
w a te r. These two re a c tio n s  a re  r e f e r r e d  to  in  th is  th e s is  as a d d itio n  
e s te r i f i c a t io n  and condensation e s t e r i f i c a t io n  r e s p e c t iv e ly .
/ CH2-CH2 v  
n  HO-CHg-CHg-OH + n  CO CO
' ' ' ' O
a d d itio n  e s te r i f i c a t io n
n  H0-CH2-CH2-0-G0-CH2-CH2-C0-0H
n  H0-CH2-CH2-0-C0~CH2-C5i2-C0-0H
condensation e s te r i f i c a t io n  
H -J j0KXH2^ 2- 0^ 0^ 2-CH2-C0^|*-0H + (n - l )  HgO
I
The term  ’’p o ly este r"  i s  u s u a lly  re se rv ed  f a r  polymers con ta in ing  
e s te r  lin k ag es  in  th e i r  "backbone. Thus, p o ly (v in y l a c e ta te )  (an  e s te r  
o f  p o ly (v in y l a lco h o l)) and poly(m ethyl m ethacry late) ( an e s te r  o f 
p o ly (m ethacry lic  a c id ))  a re  no t c l a s s i f ie d  as p o ly e s te rs .
Of th e  la rg e  number of l in e a r  p o ly e s te rs  th a t  can "be made, on ly  
a  l im ite d  number a re  o f any commercial im portance. These a re  : -
a) low m olecular weight l in e a r  a l ip h a t ic  polymers used  as non-migr a t  o r y  
p l a s t i c i s e r s  f o r  po ly  (v in y l c h lo r id e ) .
b) p o ly e s te r  f ib r e s  o f  p o ly (e thy lene  te r e p h th a la te ) , Terylene e t c .
c ) po lycarbonates from arom atic d io ls ,  p a r t ic u la r ly  b isp h en o l A 
( 2 , 2- d i( 4 “hydr oxyphenyl)pr opane )
C e rta in  c ro ss lin k e d  p o ly e s te rs  a re  a lso  im portan t. One method 
o f making such p o ly e s te rs  i s  th e  condensation of an a lco h o l w ith  an 
a c id  where one of th e  components has a  f u n c t io n a li ty  o f a t  l e a s t  th re e  
and th e  o th e r has a f u n c t io n a li ty  of a t  le a s t  two. An e a r ly  example 
o f  t h i s  i s  th e  g ly p ta l  r e s in s ,  made from p h th a lic  anhydride, and 
g ly c e ro l (a t r i f u n c t io n a l  a lc o h o l) , which a re  used  as su rface  c o a tin g s .
High tem perature cured epoxide r e s in s  may be regarded as p o ly e s te rs  o f 
t h i s  ty p e , s ince  th ey  are  th e  r e a c t io n  p roducts o f epoxides and anhydrides 
( th e  curing  agents) •
An a l te rn a t iv e  type of c ro ss lin k ed  p o ly e s te r  can be made by c ro s s -  
lin k in g  a l in e a r  p o ly e s te r  by a  r e a c t io n  th a t  does no t involve e s te r  
fo rm atio n . Drying o i l s ( e s te r s )  and drying o i l  m odified polymers used 
in  p a in ts  are examples of t h i s  type of p o ly e s te r ,  as th ey  a re  c ro s s -  
lin k ed  by an a i r  drying p rocess invo lv ing  atm ospheric oxygen.
Although th ese  drying o i l s  could, he re ferred , to  as "u n sa tu ra ted  p o ly e s te r s " , 
t h i s  term  i s  u s u a lly  re se rv ed  fo r  low m olecular w eight u n sa tu ra te d  p o ly e s te rs  
th a t  can he c ro ss lin k e d  by a  f re e  r a d ic a l  po ly m erisa tio n .
The term  "P o ly este r Resin" i s  synonymous w ith  an u n sa tu ra te d  
p o ly e s te r  of th i s  ty p e . The advantage o f t h i s  a d d itio n  c ro ss lin k in g  
compared w ith  condensation c ro s s lin k in g , i s  th a t  no v o la t i l e  by-products 
a re  produced and hence no p ressu re  has to  be m aintained during th e  
c ro ss lin k in g  p rocess to  o b ta in  a  v o id -f re e  moulding. Thus, th ese  
p o ly e s te rs  are  a lso  r e fe r r e d  to  as “low p ressu re  re s in s "  or as "co n tac t 
r e s in s " .  I t  i s  a lso  an advantage i f  th e  u n sa tu ra tio n  i s  such th a t  th e  
p o ly e s te r  can be cured (c ro ss lin k ed ) a t  room tem p era tu re . Room 
tem perature curing  p o ly e s te r  r e s in s  must be f a i r l y  mobile a t  room 
tem perature •
U nsatu ra ted  p o ly e s te rs  a re  f a i r l y  s trong  when cured  and can  be 
used  as c a s tin g  r e s in s ,  bu t th e i r  s tre n g th  can be co n sid e rab ly  
improved by rein forcem ent w ith  f ib ro u s  f i l l e r s .  P o ly es te r  r e s in s  
a r e ,  th e re fo re ,  m ainly used  to  im pregnate la y e rs  of f ib ro u s  r e i n ­
forcem ent (u su a lly  g la s s  f i b r e ) .  The r e s u l ta n t  cured lam in a tes  are  
r e f e r r e d  to  as "g lass  re in fo rc e d  p la s t ic s "  (G .R .P .far s h o r t ) ,  b u t 
a re  a ls o ,  in c o r re c tly , r e fe r r e d  to  as " f ib re  g la s s " .  The g la s s  
f ib r e  i s  used e i th e r  in  th e  farm o f a  woven c lo th ,  o r more norm ally , 
in  th e  form of a  non-woven fa b r ic  known as "chopped s tra n d  m at".
The use o f low tem peratu re , low p re ssu re  curing  u n sa tu a ted  p o ly e s te r  
r e s in s  w ith  g la s s  f ib r e ,  makes i t  p o ss ib le  to  p repare  la rg e  s tru c tu r e s  
such as boat h u l ls  and even mine-sweeper h u l ls  in  a s in g le  p ie c e ,  
w ithout use o f expensive m oulding-equipm ent.
1*2. Development of p o ly e s te r  r e s in s
The f i r s t  u n sa tu ra te d  p o ly e s te rs  ever made -were probably  th o se  
2
produced by V orlander in  1894 by re a c tin g  th e  s i lv e r  s a l t s  of m aleic
and fum aric ac id s  w ith  dibrom oethane. Vor lan d er a sc rib ed  r in g
s tru c tu re s  to  th e  products b u t th ey  were undoubtedly polymeric*
A r t i f i c i a l  r e s in s  from m aleic a c id , m aleic anhydride, or fum aric
a c id  and e thy lene g ly c o l were covered in  a  p a ten t a p p lic a tio n  by 
3E l l i s  in  1922, although th e  p a ten t was m ainly concerned w ith  r e s in s
from p h th a lic  anhydride and g ly cero l*  Before th e  p a te n t was f in a l l y
g ran ted  in  1933 > th e  work o f Car o th e rs^  on p o ly e s te r i f ic a t io n  had
been published* This included  r e s in s  from m aleic anhydride and
ethy lene  > g ly c o l and from th e  t r a n s e s te r i f i c a t io n  of fum arate e s te r s
5
by ethylene glycol*  At about th e  same tim e D ykstra showed th a t
polymers and copolymers could be made by th e  ad d itio n  p o ly m erisa tio n  .
o f fum arate d ie s te r s .
The f i r s t  commercial use o f u n sa tu ra te d  p o ly e s te rs  was th e
su rface  co a tin g s  from m aleic anhydride and ethylene g ly c o l th a t
6 7were c ro ss lin k e d  by hea ting  in  a i r  o E l l i s  a lso  showed th a t  the  
cure of these  su rface  co a tin g s  could be improved by th e  a d d itio n  
o f v in y l monomers and peroxide c a ta ly s ts .  These were obviously  
th e  f i r s t  u n sa tu ra ted  p o ly e s te rs  to  be c ro ss lin k e d  by an ad d itio n  
copolym erisation  •
8
The nex t commercial development was due to  Musket who produced 
th e  a l l y l  ca s tin g  and moulding re s in s*  These v/ere low m olecular w eight 
g ly c o l carbonate r e s in s  having a l l y l  end groups which were c ro ss lin k e d  
by hea ting  to  150°  w ith  benzoyl peroxide*
9Musket a lso  produced th e  f i r s t  m a le ic -p h th a lic -g ly c  o l  co p o ly este rs  
s im ila r  to  those used today* These were cured a t  e le v a ted  tem peratures 
w ith  benzoyl peroxide bu t n o t n e c e s s a r i ly  w ith  the a d d itio n  of a  v in y l  
monomer•
In  England lam inating r e s in s  were developed which were low
m olecular weight g ly c o l p h th a la te  p o ly e s te rs  w ith  m ethacry la te  end
10groups • These were mixed w ith  sm all amounts o f b u ty l m ethacry la te
and c ro ss lin k e d  by h ea tin g  w ith  benzoyl peroxide a t  100° .
The f i n a l  development of p o ly e s te r  lam inating  r e s in s  as we know
them today , was due m ainly to  th e  d iscovery  of two low tem perature
cu ring  system s, which allow ed m a le ic -p h th a lic -g ly c o l r e s in s  to  be
c ro ss lin k e d  by copolym erisation  w ith  sty rene  a t  o rd in a ry  room tem perature •
1*1The two curing  systems were th e  use of a  d iacy lperox ide  w ith  an amine
such as dim ethyl a n i l in e , and th e  use of a hydroperoxide w ith  a
12 13t r a n s i t io n  m etal soap 9 such as co b a lt or manganese n ap h thenate .
1*3* Commercial r e s in s
A ty p ic a l  commercial p o ly e s te r  r e s in  would be made by condensing 
a  m ixture of an u n sa tu ra ted  a c id  (o r anhydride) and a  modifying a c id  
(o r  anhydride) w ith  a  g ly c o l to  g ive  a  low m olecular w eight polymer*
This would be mixed w ith  a  monomer to  g ive  a f l u i d  of s u ita b le  
v is c o s i ty .  The p o ly e s te r  r e s in  would norm ally  be so ld  to  f a b r ic a to r s  
in  t h i s  form* The u n sa tu ra ted  a c id  m ust, when e s t e r i f i e d ,  be capable 
o f copolym erising w ith  th e  v in y l monomer* T ypical u n sa tu ra te d  a c id s  
a re  m aleic a c id , fum aric a c id  and i ta c o n ic  a c id , bu t th e  normal source 
o f  u n sa tu ra tio n  i s  m aleic anhydride. The modifying ac id  i s  used  
m ainly to  reduce the  amount o f c ro ss lin k in g  in  th e  f in a l  cured r e s i n .
I t  a lso  in c re a se s  the  c o m p a tib ility  o f th e  r e s in  w ith  th e  monomer. A 
wide range o f g ly c o ls  can be used* The sim plest g ly c o l, e thy lene  
g ly c o l i s  l i t t l e  used , because o f th e  poor c o m p a tib ility  of r e s in s  
made from i t ,  w ith  the monomer.
Ethylene g ly c o l i s  used in  m ixtures w ith  o th e r g lyco ls*  Eropylene
15*
g ly c o l i s  th e  most common g ly c o l used  in d u s t r ia l ly .  This i s  "because 
i t  i s  r e a d i ly  a v a ila b le  a t  a  low p r ic e  and because i t  produces r e s in s  
which a re  com pletely com patible w ith  th e  monomer and show l i t t l e  
tendency to  c r y s t a l l i s e .  Other im portant g ly c o ls  include d ie th y len e  
g ly c o l and dipropylene g ly c o l.  S tyrene i s  th e  most commonly used 
v in y l  monomer because o f i t s  low c o s t and because i t  r e a d i ly  copolymer* 
i s e s  w ith  u n sa tu ra ted  p o ly e s te r  r e s in s .  Other monomers th a t  a re  used 
include d i a l l y l  p h th a la te  and t r i a l l y l  cy an u ra te .
A g e n e ra l purpose p o ly e s te r  r e s in  would be made by re a c tin g  
1 mole of m aleic anhydride and 1 mole of p h th a lic  anhydride w ith
2 .2  moles of propylene g ly c o l.
CH=£H 
/  \
CO CO
HO-CH-CH -OH I 2
CH.
j
HO-CH-CH -OH 
I ^
cn3
H0-
V
CH=CH .
/  \
-CO CO-O-GH-CHp-O-CO 
I ^
CH,
C0-0-CH-GHo-0 -  
I 2 
CH,
-H
n
An excess o f g ly c o l i s  used because of th e  lo s s  o f  g ly c o l 
during th e  polycondensation . The re a c t io n  i s  c a r r ie d  ou t on a  b a tch  
p rocess in  a s u ita b le  re a c to r  (u su a lly  s ta in le s s  s te e l )  w ith  s t i r r i n g  
under an in e r t  atm osphere, u s u a lly  carbon d io x id e . The r e a c t io n  
tem perature i s  i n i t i a l l y  about 160° ,  b u t t h i s  i s  r a is e d  as  th e  
condensation slows down u n t i l  a f i n a l  r e a c t io n  tem perature o f over
200 C i s  reach ed . T o ta l r e a c tio n  tim e i s  about 6 h o u rs .
•  th e  term  propylene g ly c o l i s  used in  t h i s  th e s i s ,  as i t  i s  comm­
e r c ia l ly ,  to  in d ic a te  propan-1 , 2- d io l .
The e x ten t o f condensation i s  checked by measuring th e  amount 
o f  u n reac ted  a c id  in  the  sample, i . e . i t s  ac id  value  i s  determ ined by 
t i t r a t i o n  w ith  1^/10 a lc o h o lic  KOH. The a c id  value i s  defined  as the  
number of m illigram s o f KOH re q u ire d  to  n e u tra lis e , 1g of th e  r e s in .
The ac id  value  o f th e  f i n a l  r e s in  i s  norm ally  dn the  range 20-50*
An a c id  va lue  of 50 corresponds to  an eq u iva len t w eight of 1100 
(eq u iv a len t weight = 56000/Ac id  Value) • Thus, i f  the  r e s in  co n ta in s  
on ly  one ac id  end group (and one a lco h o l end g roup), i t s  m olecular 
w eight w i l l  a lso  be 1100 and n ( in  form ular 1 ) would be 35 n=(mol w t-18) 
/m er w eight . S im ila rly  fo r  an ac id  value  of 20 th e  eq u iv a len t w eight 
= 2800 and n=7*7* The m olecular w eight and n  a re  n o t norm ally  
c a lc u la te d  from th e  ac id  v a lu e s , s ince  th e  a c id /a lc o h o l balance i s  
n o t n e c e s s a r i ly  m aintained and hence th e  assumption th a t  the  polymer, 
co n ta in s  1 a c id  end group i s  no t n e c e s s a r i ly  t r u e .
Acid c 'a ta ly s ts ,  such as p -to luenesu lphon ic  a c id , can  be used 
to  reduce th e  o v e ra ll  re a c t io n  tim e, b u t t h i s  i s  n o t norm ally  done, 
as the  c a ta ly s t  may cause secondary r e a c t io n s ,  may y ie ld  co loured  
p ro d u c ts , and may have to  be removed a t  th e  end of th e  r e a c t io n .
1 .4  Secondary re a c tio n s
So f a r ,  th e  re a c tio n s  involved in  th e  p re p a ra tio n  o f u n sa tu ra te d  
p o ly e s te rs  seem f a i r l y  sim ple. Thus in  th e  s im p lif ie d  case of a  p o ly e s te r  
from m aleic anhydride and ethylene g ly c o l we have:
GH=CH 
/  \
CO CO + H0-CHo-CHo-QH \  /  , 2 2
ad d itio n  e s te r i f i c a t io n
h o h d o - c h = c h - c o - o - c h 2- c h 2 - o h  _
| condensation e s te r i f i c a t io n
-H ' 
n
HO- |-co ^ h = ck -co -o -ch 2-ch^-o -]
In  a c tu a l p r a c t ic e ,  a  number of secondary re a c tio n s  a lso  occur
a t  th e  same time as th e  e s te r i f i c a t i o n .  The most im portant of th ese
i s  th e  iso m erisa tio n  of th e  m aleate ( c is )  e s te r  in to  fum arate ( tra n s )  •
Other secondary re a c tio n s  in c lu d e : a d d itio n  o f w ater or a lco h o l to  the
double bond to  produce m alate e s te r s ;  dehydration of th e  g ly c o l ; and
decarboxy lation  of the  a c id .
Iso m erisa tio n  i s  perhaps th e  most im portant of th ese  secondary
re a c tio n s  th a t  occur during th e  p p ly e s te r i f ic a t io n .  I t  i s  a lso  th e
most s tu d ied  of the secondary re a c t io n s ,  b u t i s  s t i l l  one about which
l i t t l e  fundam ental in form ation  i s  a v a i la b le .  The p ro p e r tie s  o f an
u n sa tu ra te d  p o ly e s te r  would be expected to  depend on w hether or n o t ,
or to  what e x te n t,  iso m erisa tio n  had occurred during th e  p re p a ra tio n
o f th e  r e s in .  In  some c a se s , th e  p ro p e r tie s  of p o ly e s te rs  made from
m aleic anhydride d i f f e r  from those  made from fum aric a c id  * •
A lso, I t  has been shown th a t  th e  p ro p e r tie s  o f a  m ainly m aleate
p o ly e s te r  a re  a l te r e d  by subm itting  i t  to  p rocesses th a t  cause 
14iso m erisa tio n  • The main p h y s ic a l d iffe re n c e  between m aleates and
14fum arate p o ly e s te rs  i s  th e  h igher v is c o s i ty  o f the fum arate polymers •
The main chem ical d iffe ren c e  between th e  polymers i s  t h e i r  behaviour
on curing  which a f fe c ts  th e  p ro p e r tie s  o f th e  cured p ro d u c ts .
M aleate p o ly e s te rs  cure (copolym erise w ith  s ty ren e) l e s s  r e a d i ly
than  fum arate polym ers. This has been shown by longer g e l- tim e s  and
16lower peak exotherms ♦ I t  m ust, of cou rse , be remembered th a t  the  
comparison between m aleate and fum arate p o ly e s te rs  i s  r e a l l y  a  comparison 
between p a r t ly  isom erised  m aleate , and fum arate . I t  i s  p o s s ib le  th a t  
a  100% m aleate polymer would no t cure a t  a l l .  The p h y s ic a l p ro p e r t ie s  
of th e  cured products a lso  in d ic a te  th a t  a  lower degree of cu re  i s  
ob ta ined  from polymers con ta in ing  m aleate g roups.
Cured fum arate r e s in s  have h igher modulus, hardness, impact s tre n g th ,
and h ea t d is to r t io n  tem peratures than  i s  obtained  by curing  r e s in s
16- 19made from m aleic anhydride •
F u rth e r in d ic a tio n  th a t  m aleate e s te r s  copolym erise le s s
r e a d i ly  w ith  s ty rene  and o th e r monomers, than  do fum arate e s te r s ,
20 21has been ob tained  from experim ents using  simple e s te r s  * • The
20r e l a t iv e  r e a c t iv i ty  r a t io s  of monomer p a ir s  are  g iven  below •
Monomer 1 Monomer 2 r  1 r  2
S tyrene D ie th y l fum arate 0*30* 0.07
S tyrene D ie th y l m aleate 6 .52  0.005
For an a l te rn a tin g  copolymer bo th  r  1 and r  2 should be low 
compared w ith  1 • The s ty re n e /d ie th y l fum arate m ixture would ten d  
to  g ive  an a l te rn a t in g  copolymer w ith  m ainly one, or sometimes two, 
s ty ren e  l in k s  between s in g le  fum arate g roups, w hereas, in  th e  s ty re n e /  
d ie th y l m aleate system th e  polymer would co n ta in  an average o f 6-7  
s ty ren e  l in k s  between the  m aleate groups (assuming equal co n c en tra tio n  
o f each monomer). S ince, in  p ra c t ic e ,  a  p o ly e s te r  r e s in  c o n ta in s  
approxim ately 2 s ty rene  m olecules per u n sa tu ra ted  e s te r  group , fum arate 
e s te r s  would be expected to  com pletely  c ro s s l in k  w ith  two, o r a t  th e  
most th re e ,  s ty ren e  molculesbetween th e  c h a in s . W ith a  pure m aleate 
p o ly e s te r  c ro ss lin k in g  would no t be more than  20%, and th e  l in k s  would 
co n ta in  a  la rg e  number (12 or more) of s ty ren e  monomer u n its*  A lso, 
th e  c ro ss lin k in g  would be very  slow . In  bo th  cases d i r e c t  c ro ss lin k in g  
between polymer chains would be u n lik e ly  (low values o f r  2 ) .
Since m aleic anhydride i s  the  s ta r t in g  m a te r ia l f a r  most 
commercial p o ly e s te r  r e s in s ,  th e  iso m erisa tio n  i s  a  v e ry  im portant 
p a r t  of th e  p ro c e ss . This iso m erisa tio n  process can be e lim in a ted  
by using fum aric ac id  in. p lace  of m aleic anhydride. The d isadvan tages 
o f using  fum aric ac id  a re  com nercial.
These include th e  h igher co s t of fum aric a c id , th e  longer re a c tio n
tim e re q u ire d , th e  removal of tw ice th e  amount of w ater and th e
problem of f ro th in g  caused by th e  la rg e r  amount of w ater evolved -
i t  reduces th e  amount of r e s in  th a t  can be made in  th e  re a c tio n
v e s s e l .  A ll th ese  f a c to r  in crease  th e  co s t of the  f i n a l  r e s in .
I t  i s  th e re fo re  im portant th a t  fum arate p o ly e s te rs  can be made
from m aleic anhydride w ithout in c reasin g  th e  co s t or ad v erse ly
a f fe c tin g  th e  o th er p ro p e r tie s  of th e  re s in *
From th e  l i t e r a t u r e ,  i t  i s  obvious th a t  a t  le a s t  some
iso m erisa tio n  occurs during th e  p re p a ra tio n  of a l l  p o ly e s te rs  from
m aleic anhydride. The e x ten t of t h i s  c ro ss lin k in g  depends on a
number o f f a c to r s  such a s : th e  re a c tio n  tem perature and o ther
p rocessing  c o n d itio n s , and the  n a tu re  of the  g ly co l and modifying
a c id .  I t  i s  a lso  apparent th a t  a  l o t  of th e  development work th a t
has a lread y  been done on p o ly e s te rs  from m aleic anhydride i s  of
lim i te d  va lue  a s , in  most c a se s , th e  ex ten t of iso m erisa tio n  was
unknown. Thus, i f  a  p o ly e s te r  from a  novel g ly c o l and m aleic
anhydride was d i f f i c u l t  to  cu re , or gave a  cured product w ith
u n s a tis fa c to ry  p ro p e r t ie s ,  then  th a t  g ly c o l was sa id  to  be
u n s a tis fa c to ry . I t  may have been th a t  the  poor p ro p e r tie s  were
due to  a  low degree of iso m erisa tio n , and th a t  i f  iso m erisa tio n
has occurred  to  a  reasonab le  ex ten t th a t  g ly c o l would have g iven
u s e fu l  p o ly e s te rs .
1.5* Iso m erisa tio n  and e s te r i f i c a t io n  l i t e r a t u r e
During th e  e a r ly  p e rio d  of th e  development and commercial use
of u n sa tu ra te d  p o ly e s te rs  i t  was n o t r e a l i s e d  th a t  iso m erisa tio n
was occurring  during th e  p re p a ra tio n  of th e  r e s in s .  I t  was n o t u n t i l
141952 th a t  B atzer and Mohr in d ic a te d  th a t  iso m erisa tio n  was o c c u rr in g .
T h e ir work involved a comparison of th e  p ro p e r tie s  of m alea te , fum arate
and su cc in a te  p o ly e s te rs  of h e x a n - l,6*-diol. A number of papers 
14—16 22 239 9 were then  pub lished  th a t  gave in form ation  about th e  e x te n t
to  which iso m erisa tio n  occurred during th e  p rep a ra tio n  of p o ly e s te r  
r e s in s  under normal commercial conditions*  These workers showed 
c le a r ly  th a t  th e  amount of iso m erisa tio n  was dependent on th e  s tru c tu re  
o f th e  g ly c o l u sed . In creasin g  the  le n g th  of th e  g ly c o l reduced the  
amount of iso m e risa tio n , thus th e  amount decreased in  th e  order
1 ,2  d io l ;  1 ,3  d io l ;  d io l  e t c .  A lso, secondary g ly c o ls  g ive  
more iso m erisa tio n  th an  comparable prim ary g ly c o ls  e .g .  propylene 
g ly c o l g iv es  more iso m erisa tio n  than  e thy lene g ly c o l.. In  some cases  
th e  modifying a c id s  a lso  a f f e c ts  th e  e x te n t of iso m erisa tio n ; p h th a lic  
in c rea se s  i t ,  w hile ad ip ic  ac id  has l i t t l e  e f f e c t .
The work of Vancso-Szmercsanyi and co-w orkers i s  of
p a r t ic u la r  in te r e s t  as  i t  i s  th e  only  work in  which th e  po ly co n d en sa tio n / 
iso m erisa tio n  re a c tio n s  were s tu d ie d  a t  a  number o f co n stan t tem p era tu res .
In  a d d itio n  to  showing th a t  th e  maximum percentage iso m erisa tio n  
ob ta ined  depended on th e  s tru c tu re  of th e  modifying a c id  and th e  g ly c o l,  
th e y  a lso  showed th a t  th e  maximum was in c reased  by r a is in g  th e  
tem p era tu re . There i s  no in d ic a tio n  in  any o f the  pub lish ed  work o f 
th e  k in e t ic  o rder of th e  iso m erisa tio n  r e a c t io n ,  i t s  r a t e  c o n s ta n t, or 
i t s  a c t iv a t io n  energy. These f a c to rs  a re  of in te r e s t  to  th e  th e o r e t ic a l  
chem ist, as th ey  g ive  in form ation  about th e  mechanism of th e  r e a c t io n ,  
and to  th e  chem ical engineer who re q u ire s  them to  optim ise th e  
p roduction  p ro c e ss .
Previous workers in  th e  f i e l d  o f p o ly e s te r  iso m e risa tio n , where 
iso m erisa tio n  and e s te r i f i c a t io n  occurs sim ultaneously , have tended 
t o  t r e a t  th e  re a c t io n  m ixture as i f  i t  c o n s is te d  of on ly  one type 
of m alea te . Their r e s u l t s ,  however, in d ic a te  th a t  th e  r a te  of iso m erisa tio n  
decreases w ith  in c rease  in  th e  amount of e s te r i f i c a t i o n .  Thus, i t  
would be of in te r e s t  to  determ ine how th e  r a t e  of isc m e risa tio n  depends 
on th e  ex ten t of e s t e r i f i c a t io n  and th e  r e l a t iv e  r a te s  of iso m erisa tio n  
of such species  as m aleic a c id , m aleic m onoesters, and m aleic d ie s t e r s .
P a r t o f th e  problem o f doing t h i s ,  i s  th a t  th e re  i s  l i t t l e  in form ation
about th e  k in e t ic s  of th e  e s te r i f i c a t io n  re a c tio n , and th a t
iso m erisa tio n  could a lso  a f fe c t  th e  e s te r i f i c a t io n  r a t e .
Although th e  k in e t ic s  of p o ly e s te r i f ic a t io n  i s  alm ost a  c la s s i c a l
p a r t  o f polymer chem istry , th e re  i s  s t i l l  some doubt as to  the  k in e t ic
o rd er of th e  r e a c t io n .  A cid -cata ly sed  p o ly e s te r i f ic a t io n s  are  g e n e ra lly
accepted  as being th i r d  o rder re a c tio n s  w ith  r a te  p ro p o rtio n a l to
Jcata lystJ  ja lcoh o lj Jac id j, i . e .  a pseudo 2nd order r e a c t io n .
Because of t h i s ,  the  k in e t ic s  o f th e  u ncata lysed  p o ly e s te r i f ic a t io n
was norm ally assumed to  be 3r d  o rder where th e  re a c tin g  a c id  a lso
functioned  as the c a t a ly s t ,  i . e .  r a te  proportion  to  ja lco h o lj Jacid j^ .
25F lo ry  supported t h i s  view w ith  a la rg e  amount of experim ental ev idence.
E a r l ie r  workers suggested th a t  m e a ta ly se d  p o ly e s te r i f ic a t io n  were 2nd
26o rd e r, and more re c e n tly  Davies and H i l l  suggested th a t  an 
e s te r i f i c a t io n  should be 2nd o rder i n i t i a l l y  ( 2- 50/6 re a c tio n )  and 
th en  3rd  o rder (50/75% r e a c t io n ) . The experim ental evidence of
27v ario u s  w orkers was considered  by Tang Au-Chin and Yao Kuo-Sui 
who suggested th a t  th e  r a t e  of e s te r i f i c a t io n  was p ro p o rtio n a l to  
Jj^+J  ja c id j  ja lc o h o lj , which g iv es  a  2 2/2  o rder re a c t io n  f o r  
m e a t  a lysed  e s te r i f i c a t io n  of a  weak ac id  where H  i s  p ro p o rtio n a l 
to  JacidJ Good agreement was ob ta ined  w ith  th e  experim ental
r e s u l t s .
As f a r  as the a c tu a l ac id s and g ly c o ls  o f in te r e s t  in  th e  p re se n t
work are  concerned, v e ry  l i t t l e  has been p u b lish ed . The r e s u l t s  of
F lo ry , and Tan Au-Chin and Yao Kuso-Sui, which included th e
e s te r i f i c a t io n  of e thy lene g lyco l^  would suggest th a t  e s t e r i f i c a t i o n
o f one end of e thy lene g ly co l does ho t a f f e c t  the  r e a c t iv i ty  o f th e
. 2Q
o th e r end. This c o n f l ic ts  w ith  th e  r e s u l t s  o f Gareev and Men1 shu t in  
who s ta te  th a t  th e  f i r s t  -OH o f a g ly c o l i s  10 tim es as r e a c t iv e  as 
th e  second to  e s te r i f i c a t io n .
S im ila rly  i t  has been s a id  th a t  e s te r i f i c a t io n  of the 1 s t ac id  group
29 30on m aleic ac id  i s  f a s t e r  than  the  2nd . Robins has pub lished
d a ta  on th e  polycondensation of propylene g ly c o l m aleate -which the
author ex p la in s  as a  com bination of 2nd and 3r d  order r e a c t io n s .
There i s  no published  in form ation  on th e  r e la t iv e  r a t e s  of e s te r i f i c a t io n
o f m aleic and fum aric a c id , or th e  e f f e c t  of iso m erisa tio n  on th e  r a t e
of e s te r i f i c a t i o n .
In  c o n tra s t to  th e  polycondensation re a c tio n  d escrib ed  above,
31th e  ad d itio n  e s te r i f i c a t io n  of m aleic anhydride and p h th a lic  
32anhydride w ith  ethylene g ly c o l have been w e ll s tu d ied  and a re  s a id
to  be 2nd o rder re a c t io n s .  R ather s u rp r is in g ly , th e  k in e t ic s  of th e
a d d itio n  of sim ple a lcoho ls  to  th e se  anhydrides has n o t been studied*
33S ieg e l and Moran s ta te  th a t  th e  re a c tio n s  a re  in s tan tan eo u s , b u t 
Ushokov^1* has c la s s i f ie d  th e  a lcoho ls  in  term s of r e a c t iv i ty  bu t 
w ithout g iv in g  any k in e t ic  d e t a i l s .
Since a t  th e  s t a r t  of th e  e s te r i f ic a t io n /is o m e r is a t io n  r e a c t io n  
th e  product i s  a m aleate monoester i t  would seem a p p ro p ria te  to  
examine th e  l i t e r a tu r e  of th e  k in e t ic s  of th e  iso m erisa tio n  o f m aleic 
a c id  and m aleic d ie s te r .  There i s  no pub lished  in form ation  on the  
iso m erisa tio n  of m aleate m onoesters.
M aleic ac id  can be e a s i ly  isom erised  by heating  i t  above i t s
o 35m elting  p o in t a t  about 150 . Hojendahl found th a t  th e
iso m erisa tio n  was a  pseudo-unim olecular r e a c t io n  w ith  an a c t iv a t io n  _
36energy o f 15.8 k ca l/m o l. In  c o n tra s t ,  Davies and Evans , from th e i r  
s tu d ie s  of th e  iso m erisa tio n  of m aleic ac id  in  so lu tio n , concluded 
th a t  th e  p rocess was 2nd order and ob tained  an a c t iv a tio n  energy of 
21 k c a l  f o r  aqueous so lu tio n s  and 15*3 k c a l  fo r  a n iso le  and
cyclohexanone so lu tio n s  *.
Davies and Evans supported th e  e a r l i e r  conclusions o f T e rry  and 
E ic h e lb e rg e r^  th a t  th e  HGl c a ta ly se d  iso m erisa tio n  of aqueous m aleic 
ac id  was second order w ith  re sp e c t to  m aleic ac id  and f i r s t  o rd e r w ith  
re sp e c t to  hydrogen io n  c o n cen tra tio n .
38Nozaki and Ogg , however, concluded th a t  th e  re a c tio n  was of 1 s t o rder 
in  m aleic ac id  and of second o rder in  c a ta ly s t .  These au th o rs  quoted 
25 k  c a l  fo r  th e  a c t iv a t io n  energy which was much h igher th an  th e  value 
of 18 ,4  k c a l  quoted "by Davies and Evans fo r  the  same re a c t io n .  
C o n flic tin g  r e s u l t s  (30^-94/° fum arate) have a lso  been re p o rte d  f o r  th e  
p o s it io n  of th e  iso m erisa tio n  e q u ilib riu m .
In  th e  case o f the  iso m erisa tio n  of m aleate d ie s te r s ,  a l l  workers 
40 seen agreed th a t  th e  un ca ta ly sed  and c a ta ly se d  iso m erisa tio n s  
a re  1 s t  order w ith  re sp e c t to  m a lea te . The a c t iv a tio n  energy of th e  
u n cata ly sed  r e a c t io n  i s  about 23 k ca l/m o l and r e s u l t s  in d ic a te  a  
f a i r l y  h igh  conversion to  fum arate .
A comparison of u ncata ly sed  r e a c t io n s  shows th a t  .m aleic-acid  
isom erises  much f a s t e r  than  m aleate d ie s te r s ,  although i t  i s  
d i f f i c u l t  to  say whether th i s  i s  due to  th e  g re a te r  r e a c t iv i ty  o f  
m aleic ac id  or to  th e  presence of hydrogen io n s , Turunen4^* re p o rte d  
th e  slow iso m erisa tio n  of d io c ty l  m aleate a t  200° ,  b u t on ly  a f t e r  
a c id  had f i r s t  been g enerated  by a decom position of some o f th e  
e s t e r .  A fu r th e r  in te re s t in g  comparison i s  th a t  th e  i n i t i a l  r a t e  of 
iso m erisa tio n  of a  commercial p o ly e s te r  r e s in  i s  about 10 tim es 
f a s t e r  than  th e  r a t e  of iso m erisa tio n  of a  m aleic ac id  m elt a t  th e  same 
tem p era tu re .
2 . Experim ental Techniques 
P u r ity  of R eactants
The re a c tio n s  d escribed  in  t h i s  s e c tio n , which were designed to  
g ive  in fo rm ation  about re a c tio n s  occurring  during a  commercial p ro c e ss , 
w ere, f o r  the  most p a r t ,  c a r r ie d  ou t using  commercial g rades of 
r e a c ta n ts .  Commercial g ly c o ls  and ac id  anhydrides have, however, a  
h igh  p u r i ty .  The s p e c if ic a t io n  f o r  e thy lene g ly c o l i s :
E thylene g ly c o l 99$
Water ^  0 .3 $
A cetic  Acid ^  0 .003$
Ash <  0.002$
and th a t  of m aleic anhydride i s :
M aleic anhydride ^  98$ (u su a lly  99$)
M aleic ac id
Ash <  3ppm
No im p u ritie s  were d e tec ted  in  the  re a c ta n ts  by  n .m .r or by g . l . c . ,  
o th e r th an  a  tra c e  of m aleic a c id  in  th e  anhydride.
The use of anhydride p u r if ie d  by sub lim ation  o r by d i s t i l l a t i o n  
(b .p .  22i4 . 5O/ 760nim) d id  no t a f f e c t  th e  r a t e  of any of th e  r e a c t io n s .
The e f fe c t  of th e  p u r i ty  of th e  g ly c o l on th e  r a te s  of th e  v a r io u s  
r e a c tio n s  was checked by a  comparison of the  re a c tio n s  u s in g : commercial 
g ly c o l,  la b o ra to ry  reag en t g ly c o l,  sp e c ia l p u r i ty  la b o ra to ry  re ag e n t > 
and f ra c t io n a te d  commercial g ly c o l, b .p .  l98°/772mm. The p u r i ty  of 
the  g ly c o l d id  no t a f fe c t  the  r a t e  of any of th e  r e a c t io n s .
A ll so lv en ts  used  were f ra c t io n a te d  through a 300mm Dufton 
column f i t t e d  w ith  a  f r a c t io n a l  ta k e -o f f  head.
2.1c G-lycol/anhydride re a c tio n
2 .1 .1 .  P re p a ra tiv e  technique
The s tan d a rd  technique used to  p repare  g ly c o l m aleates fo r  
subsequent e s te r i f i c a t io n  and iso m erisa tio n  s tu d ie s ,  was to  h ea t th e  
c o r re c t  molar r a t i o  o f r e a c ta n ts  In  a  "drying p is to l"  by means of a  
s u ita b le  so lven t vapour. In  most cases  a  su ita b le  tem perature was 
ob ta ined  by th e  use of acetone (acetone b .p .56°  m aleic anhydride 
n*»P*53°) as th e  re flu x in g  so lv e n t. The apparatus i s  shown in  
F igu re  2 .1 .1 .  (page 1 8 ). The l iq u id  g ly c o l (about 1/2 mole) was 
weighed in to  th e  p i s t o l  and an exact q u a n tity  of the s o l id  anhydride 
was added. N itrogen was used  to  d isp lace  th e  a i r  a t  th e  s t a r t ,  bu t 
was n o t passed  through the  m ixture during th e  re a c tio n  as  th i s  tended  
to  remove m aleic anhydride and th u s  d is tu rb  th e  o v e ra ll  com position . The 
m ixture was s t i r r e d  during th e  re a c t io n  and th e  tem perature was 
reco rd ed .
2 .1 .2 .  K in e tic  measurements
Although some k in e t ic  measurements were made using  th e  above 
p re p a ra tiv e  techn iques (S ec tio n  2 .1 .1 .)  they  were o f l i t t l e  use a s  
th e  exotherm during th e  re a c tio n  was s u f f ic ie n t  to  ra is e  the  tem perature 
o f th e  re a c ta n ts  10° or more above th a t  of the  h ea tin g  vapour.
A fter t r i a l  and e r r o r ,  th e  fo llow ing technique was developed: 
Approximately 2g of g ly c o l was weighed in to  two te s t - tu b e s  and an 
eq u iv a len t amount o f m aleic anhydride added to  each. These tubes were 
p laced  in  th e  rack  in  a  th e rm o s ta tic a lly  c o n tro lle d  w ater b a th  and 
hand s t i r r e d  u n t i l  homogeneous so lu tio n s  were o b ta in ed . Each tube was 
th en  f i t t e d  w ith  a  cap , one bearing  a  dropper and the  o th er a  therm om eter. 
During th e  r e a c t io n , th e  r e a c ta n ts  were mixed e i th e r  w ith  th e  
thermometer o r by squeezing th e  rubber t e a t  o f th e  dropper^ Every 
time a  sample was tak en , th e  thermometer and the  dropper were
in terchanged , so th a t  samples were taken  from a l te rn a te  tu b e s .
The t e s t  tubes were s tandard  125mm x 16mm te s t - tu b e s .  They 
were new and unused and were cleaned  befo re  use by washing w ith  w ater 
and d e te rg e n t, and r in s in g  w ith  ta p  w ater and th e n .d i s t i l l e d  w a te r .
The tu b es  were d r ie d  a t  100° and th en  cooled  in  dry n itro g e n .
tt tt
The th e rm o s ta tic a lly  c o n tro lle d  w ater b a th  was a 9. x  12 g la s s  
tan k  h ea ted  by a 200 w att h e a te r  and c o n tro lle d  w ith  a  co n tac t 
thermometer. The h e a te r  was p laced  c lo se  to  th e  co n tac t thermometer 
so th a t  a  r a p id  response was o b ta in ed . The tem perature was measured 
by a  50-100° p a r t i a l  immersion thermometer c a l ib ra te d  to  0 .1 °  • The 
h ea tin g  cycle  was o f one m inute d u ra tio n  w ith  the  h e a te r  on f o r  about 
a  q u a rte r  of th e  tim e . This gave a  tem perature  v a r ia t io n  of + 0 .0 2 ° . 
Temperature d iffe re n c e s  between th e  b a th  and f u l l y  re a c te d  sam ples, 
and tem perature v a r ia t io n s  in  th e  sample over an e ig h t hour p e r io d , 
were n o t d e tec te d  and were thought to  be le s s  than  ±0 .05°. The 
apparatus i s  shown in  F igure 2 .1 .2  ( page 1 8 ).
2 .1 .3 .  Oven R eactions
Sometimes i t  was n ecessary  to  c a r ry  ou t re a c tio n s  a t  low 
tem peratures f o r  long p e rio d s  of tim e, in  th ese  cases th e  r e a c t io n s  
were c a r r ie d  out in  s toppered  f la s k s  o r sample tubes in  an o rd in a ry  
la b o ra to ry  oven. The tem perature v a r ia t io n  in  th e  oven during th e  
p e rio d  of the re a c tio n s  w as it0 . 5°*
2 .1 .4 .  S p ecia l R eactor
In  o rder to  minimise th e  e f f e c t  of the  exotherm on th e  tem perature  
of the  r e a c t io n ,  th e  s p e c ia l r e a c to r ,  shown in  F igure 2 .1 .3  (page 18)» 
was c o n s tru c te d . This apparatus had th e  advantage th a t  th e  r e a c ta n ts  
were h e ld  in  a  th in  annu lar’ space having a  la rg e  su rface  a re a . The 
m ixture was s t i r r e d  by re c ip ro c a tin g  th e  sampling tu b e . The main 
disadvantage of th i s  apparatus was th a t  i t  was no t p o ss ib le  to  measure 
th e  tem perature w ith  an o rd in a ry  g la s s  thermometer.
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2*2* Condensation e s te r i f i c a t io n
2 .2 .1 .  E s te r i f ic a t io n  to  equ ilib rium
T his was e s s e n t ia l ly  a  v e ry  easy technique and sim ply involved 
h ea tin g  th e  p roducts from th e  a d d itio n  e s te r i f i c a t io n  in  se a le d  g la s s  
tu b es  a t  the d e s ire d  re a c t io n  tem perature fo r  v a rio u s  p e rio d s  of tim e .
The tubes used  were s tandard  pyrex 125mm x 16mm te s t - tu b e s  which 
were new and unused and were cleaned  as d escribed  in  S ection  2 .1 .2 .
These tubes were f i l l e d  using  th e  s p e c ia l  f i l l e r  shown in  F ig u re  2 .2*1 . 
(page 24) which made i t  p o ss ib le  to  g e t th e  v iscous l iq u id s  in to  th e  
tube w ithou t w etting  th e  to p  o f the  tubes* The tubes were then  necked 
down to  about 3mm, allow ed to  co o l, f lu sh e d  w ith  oxygen-free n itro g e n  
and then  se a le d . The len g th  of th e  se a le d  tube was about 80mm and th ey  
con ta ined  about Itml o f l iq u id .
O il Bath
The tubes were c lip p e d  in to  s te e l  h o ld ers  and then  f i t t e d  onto a  
m agnetic p la te  (cap ac ity  e ig h t tubes) which was ro ta te d  end over end in  
th e  o i l  b a th . The speed of r o ta t io n  o f th e  tube was about 3® re v s  p e r 
m inute. The apparatus i s  shown in  F igure  2 .2 .2 .  (Bage 24) • The o i l  
b a th  co n s is te d  of an in su la te d  c y l in d r ic a l  g la s s  tank  ( 20Qram diam eter 
300mm high) con ta in ing  p a ra f f in  h ea tin g  b a th  o i l  which was h ea ted  by a  
1000 w a tt h e a te r .  The tem peratu re  was c o n tro lle d  by a  tt+20o’1 type 
a d ju s tab le  b im eta l therm osta t (opera ting  an e le c tro n ic  re la y )  p laced  
c lo se  to  th e  h e a te r ,  and was measured by a  p a r t i a l  immersion thermometer 
c a l ib ra te d  to  0 .1 ° .  The h ea tin g  cycle  involved  hea ting  f o r  about 20 
seconds and cooling  fo r  about 40 seconds • This gave a  tem perature 
v a r ia t io n  in  the  o i l  tem perature of +0 . 1° o f the  d es ired  tem p era tu re .
The d iffe re n c e  between th e  average tem perature during a  h ea tin g  cy c le  
and th e  d e s ired  tem peratu re , and th e  v a r ia t io n  o f th e  average tem perature  
during an 8 hour re a c t io n  p e rio d , was n o t d e tec ted  and was hence l e s s  
than  0*05° • U n s tir re d  samples p laced  in  open te s t - tu b e s  in  th e  b a th  
re q u ired  5 m inutes to  reach  a  tem perature 1°  below th e  r e a c t io n  
tem peratu re , and 10 m inutes to  be w ith in  0 . 1°  o f  th e  d e s ire d  tem p era tu re .
This warming-up tim e was eq u iv a len t to  a  lo s s  of 2.8 m inutes re a c tio n  
tim e fo r  a  re a c t io n  having an a c t iv a t io n  energy of 60kJ/m ol (3*2 
m inutes fo r  an a c t iv a t io n  energy of iOOlcj/mol). I t  was n o t p o ss ib le  
to  determ ine th e  r a te  a t  which ro ta te d  sea led  tubes reached th e  
re a c t io n  tem peratu re , bu t i t  was thought to  involve a  zero  tim e 
c o rre c tio n  o f  le s s  than  2 m inu tes.
H eated Block
Due to  s a fe ty  re g u la t io n s , dealing  w ith  equipment to  be l e f t  on 
o v ern ig h t, r e a c tio n s  in  th e  o i l  b a th  were l im ite d  to  8 hours in  any 
one day. R eaction ;tim es of 8-16 hours were ob ta ined  by h ea tin g  on two 
consecu tive days. For longer re a c t io n  tim es th e  hea ting  b lock  shown 
in  F igure 2 .2 .3  (page 24) was designed. This c o n s is ted  e s s e n t ia l ly  
o f a  c e n t r a l ly  h ea ted  b ra ss  b lock con ta in ing  e ig h t r a d ia l  h o les  . 
Although th e re  was a  tem perature g rad ien t from the  cen tre  to  th e  o u t­
s id e  of th e  b lock , each sample was in  an id e n t ic a l  environment • The 
;isilica  sheathed  h e a te r ,  a  300 w a tt "Red-Red" , had i t s  power reduced  
to  le s s  than  a  th i r d  by using  a  th y r i s to r  power c o n tro lle r  so th a t  
th e  h e a te r  was on f o r  about 70/2 o f th e  f iv e  minute h ea tin g  c y c le .
This was done to  improve th e  tem perature s t a b i l i t y ,  in c rease  th e  
l i f e  o f th e  h e a te r ,  and to  a c t as an a d d itio n a l s a fe ty  f a c to r  in  th e  
event of a  f a i lu r e  in  th e  c o n tro l  system . Some id ea  of th e  e f f ic ie n c y  
o f th e  therm al in su la tio n  can be seen by th e  f a c t  th a t  th e  b lo ck  would 
opera te  a t  tem peratures g re a te r  th an  200°  on an average power o f le s s  
than  60 w a tts .  This apparatus h as , in  f a c t ,  been run  non-stop  f o r  over 
2 y ears  w ithout a  s in g le  f a u l t  o ccu rrin g . The tem perature c o n tro l  was 
by means o f a th e rm is to r and a  Sunvette th e rm is to r tem perature  
c o n t r o l le r .  The only  disadvantage -of t h i s  commercial c o n tro l le r  was 
th a t  th e  r e s e t  accuracy was le s s  than  th a t  re q u ire d . M o d ifica tio n  o f 
th e  c o n tro lle r  c i r c u i t  by th e  in s e r t io n  of a  f in e  r e s e t  c o n tro l  (a  50 
ohm l in e a r  po tentiom eter between RV1 and R3) overcame th i s  d isadvan tage .
The tem peratu re  of th e  b lock  was recorded  by means o f a  thermometer 
in  a  sample tube con ta in ing  s il ic o n e  o i l  in  one o f th e  sample c a v i t ie s  
(see  F igure 2*2*3 Page 24)* The p a r t i a l  immersion thermometer y/as c a l ib r ­
a te d  to  0*1°* No v a r ia t io n  in  th e  tem perature was d e tec ted  during the  
h ea tin g  c y c le . There was, however, a  v e ry  s l ig h t  e r r a t i c  v a r ia t io n  of 
th e  tem perature w ith  tim e,w hich made i t  necessary  to  check th e  tem perature 
every  2 or 3 days. The tem peratu re  adjustm ent re q u ire d  was never more 
th an  0 . 1° •  and even when the  b lock  was l e f t  fo r  s ix  weeks th e  c o rre c tio n  
re q u ire d  was no t more than  0 .2 ° .  The only  d isadvantages w ith  th e  use  
o f th i s  apparatus compared w ith  th e  use  of th e  o i l  b a th , were th a t  th e  
time taken  f o r  co ld  samples to  reach  th e  re a c tio n  tem perature was th re e  
tim es lo n g e r, and i t  was n o t p o ss ib le  to  s t i r  o r tumble th e  sam ples.
The b lock  was th e re fo re  used on ly  fo r  re a c tio n s  where th e  time of 
r e a c t io n  was g re a te r  th an  16 h o u rs. In  one experim ent, a  maximum 
re a c t io n  tim e of 370 days was used I 
R eactions a t  50° •
R eactions a t  50° a lso  re q u ire d  long re a c t io n  tim es. These were 
c a r r ie d  out in  an oven a t  50 £ 0 .5 ° .  I n i t i a l  experim ents were o fte n  
c a r r ie d  out w ith  samples in  polythene stoppered  g la s s  sample tu b e s , 
th e se  gave th e  same r e s u l t s  as  samples in  se a le d  tu b e s . When th e  
samples were going to  be subsequently  h ea ted  a t  h igher tem pera tu res  th e  
se a le d  g la s s  tube technique was always used .
S n a il sca le  re a c tio n s
High tem perature e s te r  i f  ic a t io n s  involv ing  th e  use of m ethanol were 
c a r r ie d  out in  tubes made from 9nm, 0/D  1 . 5mm w all th ick n ess  g la s s  tubing* 
When sea le d , th e  tubes were about fjQnun long and co n ta in ed  0.7m l of 
r e a c ta n t .  None of th ese  tubes exploded a t  th e  re a c t io n  tem p era tu re .
2 .2 .2 .  Polycondensation
Only one polycondensation (R eaction  R47) was attem pted a t  th e  
s tandard  re a c tio n  tem perature of 150°. This was done by  h ea tin g  3 /2
mol o f th e  g ly c o l m aleate in  a  drying p i s t o l  by ethoxyethyl a c e ta te  
vapour. The main d i f f i c u l ty  w ith  t h i s  technique was th a t  of removing 
th e  sm all amount of w ater produced w ithout i t  dropping back in to  th e  
re a c tio n  m ix tu re . The dry ing  p i s t o l  was m odified as shown in  F igure 
2 .2 .4*  (Page 24)* This allow ed the w ater of condensation, to  be more 
e a s i ly  removed, bu t a lso  caused some lo s s  of the  v o la t i l e  r e a c ta n ts .
The appara tus was used fo r  th e  p a r t i a l  condensation of g ly c o l m aleate 
(R eaction RIOl) a t  110°, th e  minimum tem perature req u ire d  to  remove 
w ater from th e  system . The tem p era tu re  was ob ta ined  by th e  use  o f 
re f lu x in g  to lu e n e .
A zeotropic d i s t i l l a t i o n
T his p rocess aJJnwed a  minimum re a c t io n  tem perature of 100° to  
be u sed . The s t i r r e d  r e a c ta n ts  were h ea ted  in  a  700tnl r e a c t io n  f la s k  
in  a  steam b a th , in  the  presence of 20% added benzene. The a z e o tro p ic a lly  
d i s t i l l e d  w ater was sep ara ted  in  a  Dean & S ta rk  ap p ara tu s .
Two polymers were prepared  by t h i s  technique from g ly c o l m a lea te .
One, in  th e  presence of 1J5 p -to luenesu lphon ic  a c id  monohydrate (R102) 
f o r  21 hours, and th e  o th e r u n ca ta ly sed  (R117A) fo r  172 h o u rs . The 
condensation of bo th  of th e se  polymers was continued by h ea tin g  them 
a t  100° under vacuum in  a  drying p i s t o l .  This h ea tin g  was co n tinued  
f o r  42 hours fo r  the  ca ta ly se d  polymer (R116) and fo r  416 hours fo r  
th e  un ca ta ly sed  polymer (R117B). A gain, due to  re g u la tio n s  about 
leav ing  apparatus on overnight th ese  re a c tio n s  were c a r r ie d  ou t during 
working hours over a la rg e  number of days.
Polycondensation a t  30°
Two polymers were p repared  from g ly c o l m aleate by condensation  a t  
50° in  th e  presence of phosporus pentoxide • This was done by p lac in g  
d ish es  of th e  g ly co l m aleate and phosphorus pentoxide in  th e  same se a le d  
t i n  in  an oven a t  50°• This p rocess was continued fo r  a  maximum of 
600 days.
2.3* Iso m erisa tio n
The iso m erisa tio n  re a c tio n  was c a r r ie d  out by the  same techniques 
as  used fo r  th e  e s te r i f i c a t io n  re a c tio n -  and described  above. In  f a c t ,  
th e  % e s te r i f i c a t io n  and 7° iso m erisa tio n  were determ ined on th e  same 
samples*
The iso m erisa tio n  of th e  v a rio u s  polymer samples was c a r r ie d  out 
as  above except th a t  sm all sam ples, about 0 . 3g , were se a led  in  9mrr/
0/D tu b e s . The percentage e s te r i f i c a t io n  change during th e  iso m e r isa tio n  
was n o t determ ined a c id im e tr ic a lly  on th ese  sm all sam ples.
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2 .4* N uclear Magnetlo Resonance
The n u c lea r m agnetic resonance sp e c tra  of most of th e  samples were, 
measured on a 60MHz P erk in  Elmer RIO Instrum ent. A few of th e  e a r l i e r  
sp e c tra  were measured on a  100MHz. V arian HA 100. The so lv en t used f o r  
most sp e c tra  was acetone (non-deu terated) • When th e  h igh  f i e l d  s tre n g th  
end o f th e  spectrum was of i n t e r e s t ,  samples were a lso  ru n  in  CDCI, or 
depending on th e  s o lu b i l i ty  of th e  m a te r ia l .  In  many s p e c tra , th e  
v a r ia b le  p o s it io n  o f th e  -OH abso rp tion  caused d i f f i c u l ty  due to  i t s  
p rox im ity  to  o th e r abso rp tions o f i n t e r e s t .  In  these c a se s , th e  sp e c tra  
were ru n  in  ace to n e ,th en  methanol or a c e tic  a c id  was added to  d isp lace  
the  -OH ab so rp tio n  to  h igh  or low f i e l d  re sp e c tiv e ly , and th e  p a r t  of 
th e  spectrum of in te r e s t  re ru n .
2.4*1* In te g ra tio n
The r e l a t iv e  co n cen tra tio n s  o f th e  v a rio u s  types o f p ro to n  were 
determ ined by machine in te g ra tio n . This technique was o f l im ite d  
accuracy  as  re p e a t determ inations on th e  same sample gave a  v a r ia t io n  
o f  ±2%. The technique was le a s t  s a t is f a c to ry  when i t  was used  to  
determ ine a sm all amount of one type of p ro ton  in  th e  p resence o f a  
la rg e  amount of a second ty p e , as in  th e  determ ination  o f h ig h  and low 
percen tages of iso m e risa tio n .
2 .4 *2 . Areas
The o th er technique used to  determ ine th e  r e la t iv e  amounts o f the  
v a rio u s  types of hydrogen was to  determ ine the  a rea  under th e  c u rv e s .
For t h i s ,  the  p a r t  of th e  spectrum of in te r e s t  was run  on an expanded 
sc a le  (sc a le  fa c to r  1 c / s ) ,  th e  c h a r t was photocopied, and th e  a rea  
under th e  curve cu t out and weighed. The e r ro r  using th i s  technique 
was ±0.5?o* When one of the  peaks was of low in te n s i ty ,  th a t  p a r t  of th e  
curve was run  a t  a  h igher s e n s iv ity  and an allowance made f o r  t h i s  in  
th e  subsequent c a lc u la t io n . Good r e s u l t s  were a lso  ob ta ined  in  th e se  
c a se s . The technique was a lso  used when th e  abso rp tions to  be compared 
were v ery  c lo se  to  each o ther and normal in te g ra tio n  cou ld  n o t be u se d .
2.5* A cid im etric  A nalysis 
2*5*1* A ddition E s te r i f ic a t io n
The re a c tio n  of m aleic anhydride w ith  an a lcoho l produces an a c id  
•which can he es tim ated  by  a  number of tech n iq u es . The technique 
adopted in  th e  p re sen t work was to  d isso lv e  th e  re a c tio n  product in  
w ater and to  t i t r a t e  th e  so lu tio n  of male ic  monoester and m aleic a c id
(produced by h y d ro ly s is  o f u n reac ted  anhydride) w ith  M/10 aqueous
NaOH. At the  e a r ly  s tag e  of the  r e a c t io n , th e  ad d itio n  o f w ater to
th e  m ixture p re c ip i ta te d  the  in so lu b le  m aleic anhydride which then
took a  long time to  r e a c t  and d isso lv e  in  the w a te r. This d i f f i c u l t y
was overcome by d isso lv in g  the m ixture in  sm all amounts of acetone and
th en  adding w ater to  hydrolyse the  m aleic anhydride. The technique
used  was as fo llo w s :
Approximately 0 .2 -0 .3g  o f th e  m ixture were weighed in to , a  100ml
c o n ic a l f la s k  and d isso lv ed  in  5ml of ace tone . 10ml of w ater were added
and a f t e r  5 m inutes th e  so lu tio n  was t i t r a t e d  ag a in s t . 1//10 sodium
hyroxide (carbonate f re e )  from a  25ml autom atic b u re t te ,  using
p heno lph thale in  as th e  in d ic a to r .  C lear sharp  end p o in ts  were o b ta in ed .
The f r a c t io n  of anhydride re a c te d  (P) was c a lc u la te d  from th e  form ula:
P = 2 -  M x T x N 
1000 x W
Where M = w eight in  g o f th e  r e a c ta n t  m ixture o r ig in a l ly  co n ta in in g  
1  mol of m aleic anhydride (160 in  th e  case o f th e  r e a c t io n  
1 m aleic anhydride :1 e thy lene g ly co l)
5T = t i t r a t i o n  in  cm
N = s tre n g th  of the sodium hydroxide (0 .1 .M)
W = w eight of th e  sample in  grammes 
The use of t h i s  v ery  simple technique assumes th a t  th e re  i s  no 
w e ig h t-lo ss  during th e  r e a c t io n . This was checked by ca rry in g  out a  
re a c tio n  w ithout sam pling, in  which case no s ig n if ic a n t  ( le s s  than
0.01/o) w e ig h t-lo ss  was d e te c te d . The technique was a lso  checked in  
se v e ra l in s tan ce s  by n .m .r .  (S ec tion  3*3*) ^<3. by sa p o n if ic a tio n  
(h y d ro ly sis  by excess a lk a l i  and back t i t r a t i o n ) .  Two d e term ina tions
were norm ally c a r r ie d  out and gave r e s u l t s  w ith in  0.002  o f each other*
The t i t r a t i o n  was c a r r ie d  out imm ediately th e  re a c tio n  had been 
sampled and u s u a lly  by th e  time the  t i t r a t i o n  had been com pleted i t  
was time fo r  f u r th e r  samples to  be tak en . When th e  re a c tio n  was v e ry  
f a s t  and it-w as  n o t p o ss ib le  to  t i t r a t e  samples im m ediately, th ey  were 
s to re d  in  sample tubes on s o l id  carbon dioxide u n t i l  th e  t i t r a t i o n  
could  be c a r r ie d  o u t.
The p o s s ib i l i ty  of h y d ro ly s is  of the  m aleate monoester in  th e  
aqueous so lu tio n  was considered . The t i t r a t i o n  of aqueous s o lu tio n s , 
which were allowed to  stand  a t  room tem perature befo re  t i t r a t i o n ,  
showed th a t  h y d ro ly s is  does occur, bu t th e  r a t e  i s  l e s s  than  0 .1  fo per 
h our. When samples have been t i t r a t e d  to  th e i r  end p o in t w ith  
p hen o lp h th a ie in , the  in d ic a to r  co lour i s  lo s t  w ith in  2-3  hours due 
to  h y d ro ly s is . I f  more a lk a l i  i s  added t h i s  p rocess i s  p ro g re s s iv e .
T his more ra p id  h y d ro ly s is  in  a lk a lin e  so lu tio n s  does n o t con tinue once 
th e  so lu tio n  i s  n e u tr a l ,  fo r  t i t r a t e d  so lu tio n s  th a t  have been l e f t  
overn igh t re q u ire d  only one or two drops of a lk a l i  to  r e s to r e  th e  
in d ic a to r  c o lo u r . Complete s a p o n if ic a tio n  of th e  e s te r  re q u ire d  
b o ilin g  fo r  f iv e  m inutes w ith  a t  l e a s t  a  10% excess of a l k a l i .
2 .5*2. E s te r i f ic a t io n  to  eq u ilib riu m
A s im ila r  technique to  th a t  d escribed  above was used fo r  th e  p a r t i a l l y  
e s te r i f i e d  m ix tu res . Larger samples (0 .3 -0 .4g) were u sed , b u t no w ater 
was added to  th e  acetone so lu tio n  befo re  the t i t r a t i o n .  The f r a c t io n  of 
th e  a c id  e s te r i f i e d  (P) was c a lc u la te d  from th e  form ula:
P = 1 -  M x T x N 
1000 x 71
where M,T,N, and W have th e  same meaning as b e fo re . Again th e  assum ption 
th a t  no w e ig h t-lo ss  occurred  was j u s t i f i e d .  In  th i s  c a se , s in ce  each 
sample was e f f e c t iv e ly  a sep ara te  re a c tio n  and the r a t e  of e s t e r i f i c a t i o n  
was n e g lig ib le  a t  room tem pera tu re , the  t i t r a t i o n s  were rep e a ted  i f  th e  
two i n i t i a l  t i t r a t i o n  r e s u l t s  d if fe re d  by more th an  0 . 2%m
The m aleate d ie s te r s  formed during the  e s te r i f i c a t io n  a re  le s s  
so lu b le  in  w ater than  th e  m aleate m onoester. Mixes th a t  con ta ined  
more than  about 20% d ie s te r  gave so lu tio n s  a t  f i r s t  in  th e  acetone/w ater 
m ixture bu t as the  t i t r a t i o n  proceeded the  so lu tio n  became cloudy due 
to  th e  fo rm ation  of an em ulsion, b u t c le a re d  ju s t  befo re  th e  end p o in t .  
Mixes con ta in ing  more than  about 35% of d ie s te r  a lso  produced em ulsions 
b u t th ey  d id  no t c le a r  a t  th e  end p o in t .  The use of la rg e r  amounts o f 
acetone preven ted  th e  form ation of em ulsions b u t made th e  co lour change 
a t  th e  end p o in t le s s  d i s t i n c t .  The same end p o in t was ob ta in ed  in  
bo th  cases,w hich  showed th a t  th e  t i t r a t i o n  of the  c o l lo id a l  so lu tio n s  
was a  v a l id  techn ique . This was a lso  confirm ed by n .m .r .
The determ ination  of % e s te r i f i c a t io n  became le s s  accu ra te  when 
the  samples had been h ea ted  fo r  v ery  long p e rio d s  a t  th e  e le v a te d  temp­
e ra tu re s .  In  th ese  cases the co lour change a t  the end p o in t was no t 
p e r s is te n t  and d isappeared  in  about f iv e  seconds • This was thought to  
be due to  th e  ra p id  h y d ro ly sis  of m alate e s te r  formed by h y d ra tio n  
of m aleate g roups.
2.5*3* P o ly este rs
The determ ina tion  of th e  amount of p o ly e s te r if  ic a t io n  was more 
d i f f i c u l t  • The s t r a ig h t  t i t r a t i o n  of th e  r e s in  w ith  a lk a l i  d id  n o t 
g iv e  h ig h ly  accu ra te  r e s u l t s .  The s tan d ard  technique of a c id  value
I p  -
used in  th e  p o ly e s te r  r e s in  in d u s try  and techniques in  th e  
l i t e r a t u r e ^ a l l  worked, bu t th e  end p o in ts  were no t always sharp  and 
th e  co lour changes were u su a lly  t r a n s ie n t .  The technique used in  th e  
p re sen t work was e s s e n t ia l ly  th a t  d escribed  above, except th a t  a  la rg e r  
sample and more acetone was re q u ire d . This gave no improvement in  th e  
accuracy , compared w ith  th e  pub lished  tech n iq u es , bu t made i t  p o ss ib le  
to  use th e  standard  aqueous NaOH fo r  a l l  t i t r a t i o n s .
The percentage e s te r i f i c a t io n  cannot be c a lc u la te d  from th e  r e s u l t  
of th e  ac id -base  t i t r a t i o n  u n le ss  v a rio u s  assum ptions a re  made. The 
assum ption th a t  th e re  i s  no w e ig h t-lo ss  i s  obviously not j u s t i f i e d  in
t h i s  case* The a l te rn a t iv e  assumption i s  th a t  a l l  the  w ater of 
condensation  has been removed. In  t h i s  c a s e , i f  i t  i s  a lso  assumed 
th a t  th e  s to ich iom etry  of th e  system has no t been d is tu rb e d  by the 
lo s s  o f v o la t i l e  m a te r ia l,  we can c a lc u la te :  . •
eq u iv a len t w eight (M )  = ^ ^ 0§°m 
where W,T and N a re  as defined  above.
degree of po lym erisa tion  (n) = EOT -  18
mer u n i t  weight
(18 i s  the m olecular weight of th e  end groups)
n  -* 1and % e s te r i f i c a t io n  = ■■■■■ ■ 1 ■ x 100L-------------- ,--------   n
A lte rn a tiv e ly , th e  % e s te r i f i c a t io n s  were c a lc u la te d  from th e  
r e s u l t s  of the t i t r a t i o n  of the  f re e  a c id  and from th e  s a p o n if ic a tio n  
v a lu e .
2.5>4 D eterm ination of pK values
The pH of s tan d ard  so lu tio n s  of m aleic a c id , fum aric a c id  and 
g ly c o l b is  (hydrogen m aleate) were determ ined on an E .I .L .  Model 23A 
pH m eter, using  a  g la s s  and a  s tandard  calom el e le c tro d e . The pH 
m eter was c a l ib ra te d  w ith  b u ffe r  so lu tio n s  and th e  pK v a lu es  were 
c a lc u la te d  from th e  pH v a lu e s .
S tren g th  pH pK (pK  ^ l i t e r a t u r e )
M aleic a c id  0.05M 1.72 1.93 1 .92
(
Fumaric a c id  0.025M 2.40 3*00 3*^3
G lycol b is  (m aleate) 0.02M 2.26 3*21
M aleic and fum aric ac id s  were assumed to  fu n c tio n  as monobasic a c id s  
( i . e .  pKg la rg e  compared w ith  pK^  ) -  th e  v a lu es  a re  r e a l l y  pK^  v a lu e s .  
G lycol b is(m alea te ) was assumed to  be a  d ib a s ic  ac id  w ith  two id e n t ic a l  
a c id  groups ( i . e .  th e  value i s  th e  pK p er a c id  g ro u p )•
2 .6 . Mathematic a l  Form ulations
Wherever p o ss ib le  standard  formulae were used f o r  p rocessing  
th e  r e s u l t s  of th e  experim ents. In  most cases sp e c ia l form ulae had 
to  be derived  to  s u i t  th e  sp e c ia l co n d itio n s  of th e  r e a c t io n s .  The 
d e r iv a tio n  of a l l  equations used i s  g iven  in  th e  follow ing s e c t io n .
I t  i s  no t n e c e s sa r i ly  claim ed th a t  th ese  equations are  unique, s in ce  
i t  was not p o ss ib le  to  check th e  form ulae used in  a l l  pub lish ed  
k in e tic  work.
2 . 6 .1 . 1s t  order re a c tio n s
The r a t e  of a  1 s t order re a c tio n  can be expressed by the  eq u a tio n :
f f  = k (a-x ) 
th e  in te g ra te d  form of which i s :
In  —  = k ta-x
In  th e  p re sen t work th i s  equation  has been used in  th e  form :
In  ~ p  = k t • • . . .  .  ( l )
Xwhere P =— and i s  th e  f r a c t io n  re a c te d ,  a
2 . 6 . 2 . 2nd order re a c tio n s
For a  second order re a c tio n  we have:
= k (a“*x) (b-x) 
th e  in te g ra te d  forms of which a re :
1 I n  = k t
b -a  b(a-oE)
and when a  = b —7 \ = k ta^a-x ;
These have been converted  in to :
1 ' ____
B-1 B.-BP
P
1- P
1 I n  = kat  .  . . . .  ( 2)
 / \and •' ■ p  ’= kat  . . . . . . . (3 /
where P = ^  and i s  th e  f r a c t io n  of component A re a c te d
and B = ^  and i s  th e  molar r a t i o  o f th e  re a c ta n ts  o r re a c ta n t groups
and a  i s  th e  i n i t i a l  co n cen tra tio n  of re a c ta n t A.
2 . 6 . 3 . Two consecutive 2nd order re a c tio n s
I f  we consider as an example of such a  re a c tio n  th e  a d d itio n  of a  g ly co l 
to  m aleic anhydride.
co n cen tra tio n s  a t  tim e = 0  a  c 0  0
and a t  tim e = t  a -x -2z c -x -z  x  z
Hence ^  2 (a -x -2 z )(c -x -z ) -  k^xC a-x^z)
(where i s  th e  r a t e  c o n s ta n t 
and | §  = kgx(a-x-2z) p e r  -OH group o f  th e  g ly c o l)
C XI f  th e se  a re  expressed in  term s of C,X and Z where C = — X =•—. and Z  = 
we have |& =  k^2a(l-X-2Z)(C-X-Z) -  k2aX(l-X-2Z) . . . . (1)
and | |  = k2a X (l-X -2 z )  .  . . . . . .  .  .  ( 2)
I f  P i s  th e  f r a c t io n  of A re a c te d  th en  P = X + 2Z
and H  = aC l-P jjk^C c-X -Z ) + kgX j . .  .  . . .  (3 )
I f  k ,=  kg t h i s  reduces to  = k^a(2C -P)(l-P ) or r j j  = k . a (B -P )(l-P )
where B=2C and 0 = No of g ly c o l m olecules B = No of -OH groups
I t  i s  not p o ss ib le  to  solve equations (1 ) and (2) by a  sim ple
in te g ra tio n  p ro cess . However, i t  i s  p o ss ib le  to  r e la te  th e  amounts of X 
and Z p re sen t a t  any tim e during th e  re a c t io n  in  term s of k. and k0 •
dX
5f = a (l-P )k1(2c-2X-2Z)-k2x . . . . . . (4)
§  = a ( l-P )k 2X
I t  should be p o ss ib le  to  combine th ese  two equations so th a t  a  sim ple 
s u b s t i tu t io n  can be made.
= k  (2C-2X-2Z+(n-l)oX)a(i-P) where j  = kg/k ,
= k (2 C -[(2 -(n -l)o )X + 2 Z j )a ( l-P )
We now have to  f in d  v a lu es  of n such th a t  th e  r a t i o  of X to  Z i s  th e  
same on bo th  s id es  of th e  equation .
i . e .  — = which g iv es  n  = 1 and n = 4a  & D
when n  = 1 = k  (2C-2(X +z))a(l-P) .  .  .  .  .  (5)
or i f  U = X+Z | g  _ k i (2 c -2 0 )a (l-P ) . . . . . .  (6)
2
Ylhen n  = 3 = (k1(2C-2X-2Z)-k2X )a(l-P ) + kgX 2a/j(i-P )
r20ko 2Xk- 2Zk„ 2k„xl
I f  t  = 4 ^  and v  = X + 4^  t h i s  s im p lif ie s  t o :J 3
| |  = k2( f - r ) a ( l - P )  .  .  . .  . . .  .  (? )
I f  r e a c ta n t A i s  in  ex cess, i . e .  i f  th e  re a c t io n  i s  pseudounim olecular, 
th e  equations can be in te g ra te d  s e p a ra te ly . Otherwise we must combine equations 
(6) and ( 7 )
a n _
dv = k2( f-v )
1  £JL
2 C-U = f -v
In te g ra tin g  from t  = 0 -when U = 0 and V = 0
* • ' * \
j  ,  C n f  
2 C-U = f - v
i l n - C  ^  2C^d
2 C-X-Z 2C/j-X-2Z/o
2 f i )  = 2C I )  # * M
Hence i f  we can determ ine th e  amounts of th e  prim ary and secondary
products a t  any stage  of th e  re a c t io n , we can c a lc u la te  a  v a lu e  of j  = k ^ k ^  .
2»6.4» Second order reaction  catalysed  by (product)2
, T h is equation  was developed fo r  th e  a lcoho l/m aleic  anhydride 
re a c tio n  where th e  r a t e  appeared to  depend on the  square ro o t of th e  
co n cen tra tio n  of th e  product as  w e ll as th e  co n cen tra tio n  of th e  re a c ta n ts .
Consider A + B - * - > 0
tim e = 0  a b 0
tim e = t  (a -x ) (b-x) X
1,
Thus = k (a -£ )(b -x )x 2 • • •
l e t  F  = -  and B = -  a  a
(1)
_ 1 1
•we have = k  a  ^(l-PJCB-PjP2 . ,  . . .  ( 2)
dP 1 . 1 L
( l  -P) (B-P)P? ”
s u b s t i tu t in g  0 2 = P dP = 2U dU and C2 = B
186 g e t = ka1*dt
(1-U )(c -u  )
se p a ra tio n  in to  p a r t i a l  f r a c t io n s  g iv e s :
d u f c  ^ + ^ "  ( ? ^ 7 c  ^  + = k a l 2 d t
in te g ra tio n  from tim e = 0 g iv e s :
1 A 1+U 1 i C-tUA i l i i  ' / , \
B-1 (  1-U C C-U'/ = # # * • (3)
T—  ----- :----------- r
(where U = P2 and C = B2 )
S p ec ia l case when B = A 
from (2) when B = 1 = ka1 ^ (1 - p )2j4
O - p ) 2^
s u b s t i tu t in g  IP  = P and dP = 2U dU
dt = . .  .  .  (4 )
dP w = k a ^ ’d t
se p a ra tio n  in to  p a r t i a l  f r a c t io n s  g iv e s :
au —j— _ + —1 —  + - i — + - 1 -1  -  ka*2d t
2 L(n-xi)2 (mr)2 1-11 1+UJ
in te g ra tio n  from tim e = 0  g iv e s :
1  r _ L .  _ _ L  * i n l i S l  _ k
2 L a-V A-M + 1 -UJ k t
_0_2 + i  In IS - v j k
A -U 2 1-U ■“
u 1 ,  1 -oj , i t .  / c\
T*P + *2 A -U = • • • • • • (5)
( where U = )
I f  th e  re a c t io n  considered  in  S ec tio n  2 .6 , 3 * i s  a lso  c a ta ly se d  in  the  
same way , we can o b ta in  from equation  ( 3) of th e  above s e c tio n :
dP
d t  = a
(1-P) 2(C-X-Z) + kgZj E^a2 . .  .  .  ( 6)
2 .6 .3*  Second order re a c t io n  ca ta ly sed  by th e  product
Here we have considered  th e  case where th e  re a c t io n  i s  d i r e c t ly  c a ta ly se d
by th e  product so th a t  th e  r a t e  depends on th e  co n cen tra tio n  of th e  p roduct
kConsider A + B — >C
tim e = 0  a  b  0
tim e ss t  (a -x ) (b-x) x
Thus dx^  = k (a -x )(b -x )x  • • .  • • . • ( l )
x bs u b s ti tu tin g  P = — and B = —£L £L
H  = ka2 (l-P )(B -P )P  . . . . .  .  .  (2 )
&  2 ,.= ka d t~ (1 -P) (B-PJP
sep a ra tio n  in to  p a r t i a l  f r a c t io n s  g iv es  •
in te g ra tio n  g iv e s :
The co n stan t of in te g ra tio n  a t  tim e = 0  , In  0 = -. i n f in i t y ,  has been 
ignored in  th e  above eq u a tio n . I t  i s  obvious th a t  a  re a c tio n  th a t  i s  
ca ta ly sed  by th e  product w i l l  never s t a r t  u n less  th e re  i s  some c a ta ly s t  
im purity  p re se n t, or th e  re a c t io n  a lso  has an uncata lysed  mechanism. Once 
th e  re a c tio n  has s ta r te d  th e  above equation  could apply  if* th e  r a te  of 
th e  a u to c a ta ly tic  re a c tio n  -was much g re a te r  th an  th e  r a te s  of th e  im purity  
c a ta ly se d , or th e  unca ta ly sed  r e a c t io n , ,
S p ec ia l case B = j
equation  ( 2) becomes = k a^ (l-P )^P  . . • . . (4 )
dP , 2 ..= ka d t
( i - p ) 2?
se p a ra tio n  in to  p a r t i a l  f r a c t io n s  g iv e s :
+ ? ) ]  = ka' d t
in te g ra tio n  g ives •
_p + In   ^ + ka t  .  • « . .  • ( 5 )
again  th e  in te g ra tio n  co n stan t has been ignored .
I f  th e  re a c t io n  considered  in  S ec tion  2 .6 .3*  i s  a lso  c a ta ly se d  in  t h i s  
way, we can o b ta in  from equation  ( 3) of th a t  s e c tio n :
2 .6 .6 .  Second order reversib le  reaction
k
Consider A + B v— - C
k*
tim e = 0 a  b 0
tim e = t  (a -x ) (b-x) x
Thus | j j .  = k (a -x )(b -x )  -  k fx . . . . . .
l e t  P = — and B = —a a
th en  H  = ka(i-P )(B -P ) -  k ’P . . .  .  .
a t  tim e in f in i t y  “ £ = 0 and P = E where E i s  th e  f r a c t io n  of
A re a c te d  a t  eq u ilib riu m .
i . e .  0 = ka(l-E )(B -E ) -  k 'E
s u b s t i tu t in g  fo r  k* in  ( 2)
H  = I s [(1-P)(B-P)E -  (1-E)(B-E)pj 
= |p  (BE -  BP + P% -  E2?)
= (E-P)(B-EP)
dP ka ■'
(e -P) (E-BP) = E * * * *
v dP 0 /  1 E V kahence B_E2 -  B„Sp ) = E
integrating from time = 0
E
B
_  Eor
^ 2  [ l n ^ g  + J a ' S S ]  = kat
b -e2 2x1 • • •
T his  eq u a tio n  i s  v a l id  f o r  a l l  v a lu es  o f  B.
2 .6 .7*  Second order re v e rs ib le  re a c tio n  ca ta ly sed  by (p ro d u c t) 2 
Equations (2) and (3) above become;
H  = (ka (1-P)(B-P) -  k ' P ) P ^  . .  .  . (1)
8114 ^  ( m  "  ^ p )  = ka1^ t (B -E 2)/E  . . .  (2)
l e t  P = U2 then  dP ■= 2U dU Also l e t  E = G2 ana B = C 
then  2dU ( - £ - £  -  ~2 J ^ ' 2 ) = ka1^dt(B-E2 )/G2
sep ara tin g  in to  p a r t i a l  f r a c t io n s  g iv e s :
(3)
d U [ &  ( g=U + M j ) ‘  I  (c ^ U  + o 5 u ) ]  = ka12dt(B-E2)/G'
in te g ra tio n  from tim e = 0 g iv e s :
l i „ 2 ± 2  _ v J i i . A wG G-U C C-GU ~ t(B -E j/G
rvr» ^  r>
B-E
T \ G+U E . C-fGul = ka1zt  . .  .  (4>
W j “ C ^ c ^ u j
2 .6 .8 .  Second order re v e rs ib le  re a c tio n  ca ta ly se d  by product 
Equations (2) and (3) from se c tio n  2 .6 .6 .  become:
H  = (ka2(l-F )(B -P ) -  k 'P )F  .  .  .  (1)
and ^  _P \  E-P
hence dP 
E
^ E —  ”* B-EP )  = ka )/® • • • • (^ )
( f  + i b )  “ + ^ p )  = *a2dt(B-E2) /S
in te g ra tio n  g iv e s :
E 111 E-P B 111 B-EP = ka * ^B~E ^
or B ^ i2 “  I  111 r a s )  = k a 2 t (3)
2 .6 .9»  R eaction c a ta ly sed  by two weak ac ids
In  se c tio n s  2 .6 .4 ,  5 , 7 and 8 equationsv/ere derived  fo r  a u to c a ta ly tic  
re a c t io n s .  I t  was suggested th a t  th ese  re a c tio n s  could he s ta r te d  by 
o ther c a ta ly t ic  im p u ritie s . The o b jec t here i s  to  derive  a  form ula 
to  cover th e  case where both  the  product and im purity  a re  weak ac id  
c a t a ly s t s .
For a  weak ac id  HA HA ^  H+ + A
where Ka and Kb are  th e  d is s o c ia tio n  co n sta n ts  of th e  two a c id s .
For an a u to c a ta ly t ic  re a c tio n  [ haJ  = aP
[ h+]  = y  Ka /aT  y  P + F where F = Kb
Ka a
( t h u s  f o r  a  comparison of g ly c o l m aleate (HA) -with m aleic ac id  (HB) , i f  
Kb/Ka = 20 and m aleic ac id  i s  p re sen t a t  1 mol %9 th en  F = 0 .2  ) •
For th e  eq u ilib riu m  re a c tio n  A + B v --t— C* iC
Thus from equation  (1 ) S ection  2 .6.7* we have:
hence [H+][A~1 = Ka [HA] 
S im ila rly  fo r  HB [ h+]  [b“]  = Kb [hb]
[H+]  = y  Ka [ ha]  + Kb [ hbJ
# d )
ap
d t (ka  (l-P )(B -P ) -  k ’P) / p i p
n o tic e  th a t  th e  constan t i s  included  w ith in  the  va lu e  o f k  I t h i s  i s
o f course tru e  even i f  F i s  absent ) .
su b stitu tin g  U2 = P+F dP = 2U dU
2dU ^  E+F-U2" B+FE-EU2 )  = ka 2d t(B*“E
s u b s ti tu tin g  C2 = B+FE G^ = E+F J 2 = E
2dU (  -  - # - 9 - 2  ^  = ka1^dt(B-E2)/E
V G -U  C - J ^ T  )
sep a ra tio n  by p a r ts  g iv e s :
dU
G (o ^ f  + & )  -  ¥  ( d s u  + c f e u )  = ka14 t(B -E 2)/E
in te g ra tio n  g iv e s :
5 111 i f  "
o r .  J  i n  S i S )  /  b/ e-e  _ kal k
or •U1G. U G C -JU // ~
2This equation  a p p lie s  except when B = E which can only be t ru e  when 
B = 1 and E = 1 •
In  t h i s  case we have from equation  (4 ) S ection  2 .6.4* :
= k a 1 2 d t
S u b s titu tin g  U2 = P+F aP = 20 at! G2 = 1 +F
San , 1 ^ ,. 5 r -5  = ka d t
(G -U )
se p a ra tio n  in to  p a r t i a l  f r a c t io n s  g iv e s :
2G2 [  (M J ) 2 + (G+U) 2 + G (gTSj + M j ) J  = ka 2flt
in te g ra tio n  g iv es  :
7J r2 f j T» _ J _  + i T n  S i a ]  _ v j k  
2G I  EPtI G-fU G G-U J  ~
7/hich s im p lif ie s  to  :
U . 1 _  •) G-tU . 12",
( i -P )g + 2G G-U = * • • •
fo r  s im p lif ic a tio n  th e  in te g ra tio n  co n sta n ts  f o r  equations (2) and(3) 
have been om itted , but can be obtained by p u ttin g  U = > / 5 F  i n  th e  l e f t  
hand s id e  of the eq u a tio n s.
2 .6 .1 0 . Polycondensation re a c tio n s
kAcid + A l c o h o l  E s te r  4- Water
tim e = 0 a  b 0 0
tim e = t  a-x  b -x  x x
For simple second order k in e t ic s ,  when b = a  , in te g ra tio n  g iv es  th e
standard  equation  = k a t • • • • • . (1)
where P i s  th e  f r a c t io n  re a c te d  (x /a )  .
A p lo t  of P /( l  -P) ag a in s t time w i l l  g ive a  graph having a slope of ka • 
I f  th e  re a c tio n  i s  a lso  ca ta ly sed  by th e  hydrogen co n cen tra tio n  
and i f  t h i s  i s  p ro p o rtio n a l to  J 1-P , in te g ra tio n  fo r  a  2 i  o rder re a c t io n
g ives { — — 71 -  1 ) /  1 .5  ka14  . . .  (2 )
I (1 -P )15 )  /
I f  th e  re a c tio n  i s  ca ta ly se d  by the  ac id  co n cen tra tio n  (1 -P) we 
have a  3rd order r e a c t io n .
(
1 1 \ , 2
2 (1-p )2 2
= k a t  . .  .  .  .  (3)
I f  B (b /a )  does not. equal 1 th en  the  equations developed in  th e  
next s e c tio n  can be employed, using  a  value  of E = 1 •
2 . 6 . 11 . R eversib le  e s te r i f i c a t io n
kAcid + Alcohol -  s E s te r  + 7/ater
k* ' '
tim e = 0  a  b c 0
tim e = t  a-x b -x  c+x x* >
Hence ^  = k( a-x) (b-x) -  k*(c+x)x
or in  term s of th e  f r a c t io n  of ac id  re a c te d  we have:
§  = k a(l -P) (B-P) -  k*(C+P)Pa .  . . .  .  (1 )
■where P  = — B = — and C = —a a  a
This equation  allow s fo r  th e  p o s s ib i l i ty  th a t  e s te r  could be p resen t 
a t  th e  s t a r t  of th e  e s te r i f i c a t io n ,  as  i t  i s  in  the condensation  of g ly c o l 
m aleates ( B = 1 and G = 1 ) •
At tim e in f in i t y  we have
| |  = 0 = ka(-|-E)(B-E) -  k'(C+E)E a .  .  . . . ( 2)
where E i s  th e  f r a c t io n  of A re a c te d  a t  equ ilib rium
Prom (1 ) and (2) we have:
H  = ^ cS 7 e  [ ( i - p ) ( b- i ,) ( c+e )e  -  (1-E)(B-E)(C+P)P
= ( ^ 5 5  (E-P) /  (c +e )b  -  (E(B4C+1)-B)pj
= (C+E)E (E-* ) (p“®I>) ■
where P = (C+E)B and G = E(B+C+1 )-B
1 G V _ kadt(F-EG)
E-P ~ F-GP J “ (C+E)E
or d p (E^P*" i ^ p )  = ka d t H . . • . . • (3)
, ' ,F-EG CB + 2EB -  E2(B+C+1 ) _ T F (C+E)B
1!here = ( c+e )e  “ (c+e ;e  G “ E(B+C+l)-B
in te g ra tio n  from tim e = 0 g iv e s :
In  + In  =
or g  In  s  k a t • • • • • • • (4 )
2-g- Order
Ifb o th  th e  forw ard and rev e rse  re a c tio n s  are ca ta ly sed  by 
equation  ( 3 ) becomes
l e t  Q2 = 1-P  th en  -dP = 2Q aQ E-P = Q2-(1-E )
I -P  = Q2+ (1-1) assuming I> 1  E-P = Q2-L2 ana I -P  = Q2+J2
where L2 = 1-E and J 2 = 1-1
equation  (5) th en  becomes: "
™  { £ ? ■ )
in te g ra tio n  from tim e = 0 g iv e s :
z  +ft a n ’ 1 § ltan_1 j = ka1'2’tH •
o r  h  [  1 111 + §  ( tan_1 j  “ tan_1 ? ) ]  = k a l i t  * ( 6 )
3rd Order
I f  bo th  th e  forw ard and rev e rse  re a c tio n s  are  ca ta ly sed  by (1“P) 
equation  ( 3) becomes
( E-P ”  )  = ka d t H . . . . .
^  ( & * - £ > )  -  ^  ( i ^ - I T p )  = *a2d t H
In te g ra tio n  g iv e s :
5  [ v l  3x1 i ^ 7 e  + i H l n i ^ 7 i ]  "  ka2t V * *
The th re e  equations (4 ) (6) and (8) cover th e  th re e  cases  to  be
examined* A problem a r is e s  w ith  equation  (6) when I  i s  le s s  th an  1 , 
as  J  = / i H  . In  t h i s  case l e t  I  =
Then equation  (5 ) becomes:
(e^P + I+p) = ka1Zflt H • • * • * (9)
S u b stitu tin g  Q2 = 1-P  dP = -2QdQ
E-P = Q2 -  L2 where L = J  1-E
and I+P = J 2 -  Q2 where J  = /  1+ F
(7)
(8)
Hence equation  (9 ) becomes:
-2dQ 2 2 2 Q -L Z
4 ^  = k a ^ a t  H
Hence - f  = k^ H
in te g ra tio n  from time = 0 g iv e s 5
Using th e  va lue  of I  quoted above, equations (4 ) and (8) can be 
r e w r i t te n  a s i
(11 )
and
h [ t s^  + ]  = k*2t • • • <12)
2 . / .  Uomputer Jbrograms
E a rly  in  i 97i th e  Mathematics Department of th e  Royal M il i ta ry  
Academy Sandhurst acqu ired  from th e  Royal M ili ta ry  C ollege Shrivenham 
an E l l i o t  8O3B Computer* L a te r the  same year I  a tten d ed  a  course on
have developed programs to  handle th e  experim ental d a ta  produced 
during t h i s  research* Some o f the  a c tu a l  programs used , which a re  
w r itte n  in  th e  E l l i o t  8O3 form o f A lgol 60, are  enclosed*
2*7*1* Temperature C orrec tion
Although e f f o r t s  were made to  m ain ta in  th e  c o r re c t  tem perature 
during r e a c t io n s ,  t h i s  was n o t always p o ss ib le  w ith  a d d itio n  
e s te r i f i c a t io n  r e a c tio n s  due to  the  la rg e  exotherm involved* I t  was 
decided th a t  th e  d a ta  would be c o rre c te d  in  cases where th e  tem perature 
of th e  re a c tio n  dev ia ted  from th a t  intended*
I f  we consider the  same increm ental amount of re a c t io n  occurring  
a t  two d if f e re n t  tem peratu res , then  i f
A x  = th e  in c rem en ta l.amount of re a c t io n  
T = th e  lower tem perature 
T* = th e  h igher tem perature
A t  = th e  tim e fo r  a x  re a c tio n  a t  tem perature T
At* = th e tim e fo r  a x  rea c tio n  a t  temperature T*
k = the r a te  constant at temperature T
and k* = the r a te  constant at temperature T*
A lgol 60 computer programming o rgan ised  by th e  Science Department, and 
s in ce  September 1971 I  have made use of t h i s  computing f a c i l i t y  and
AX
At* k i
kthen A x
A t
where E = th e  a c tiv a tio n  energy 
and R = the gas co n stan t
. A , A, t R \T  TVhence A t = At* e *
Thus i f  At* = th e  a c tu a l  time between successive tem perature read in g s  
T* = th e  average tem perature between successive read in g s  
th en  A t = the  c o rre c te d  tim e which can nor/ be .c a lc u la te d
Thus th e  program c o r re c ts  th e  tim e between successive  tem perature 
read in g s  to  what i t  would have been i f  the  c o rre c t tem perature had been 
m ain ta ined . A knowledge of th e  k in e t ic s  of th e  re a c tio n  i s  n o t requ ired*  
b u t i t  must be p o ss ib le  to  c a r ry  out the re a c tio n  a t  a number of 
tem peratures so th a t  an approximate va lu e  of th e  a c t iv a t io n  energy can 
be c a lc u la te d .
I f ,  in  a  p a r t ic u la r  r e a c t io n , th e  tem perature changed from 80 .4° 
to  80 .6° over a  5 minute p e rio d , th en  th e  program would c a lc u la te ,  from 
th e  average tem perature of 8 0 .5 ° , th a t  th e  same amount o f re a c tio n  
would have taken  5*14 m inutes a t  80.0°♦ Hence, the c o rre c ted  
re a c t io n  tim es fo r  the. v a rio u s  samples can be c a lc u la te d . Y/hen th i s  
program was a p p lied  to  re a c t io n  R30, in  which th e  maximum tem perature  
exceeded th e  d e s ire d  tem perature by 1 .6 ° , a  t o t a l  tim e c o r re c tio n  of 
3 m inutes was added to  th e  a c tu a l  re a c t io n  tim e of 127 m in u tes . I f  
th e re  had been a  10^ o e r ro r  in  the  a c t iv a t io n  energy i t  would have 
caused an e r ro r  of only  0 .3  m inutes in  th e  t o t a l  tim e, ( in  b o th  
th e  above examples th e  va lue  of a c t iv a t io n  energy used  f o r  th e  
c a lc u la tio n s  was 15k c a l)  •
The program and examples o f in p u t and output d a ta  a re  en c lo sed .
T his tem perature c o rre c tio n  p rocess i s  ap p licab le  to  a l l  r e a c t io n s ,  
provided enough tem perature read ings are  taken  during th e  r e a c t io n .
One e r ro r  in  th e  program i s  the use o f T* as th e  average tem p era tu re , 
a s  th e  tim e of re a c tio n  does no t v ary  l in e a r ly  w ith  tem perature and the 
tem perature of the re a c tio n  does n o t v a ry  l in e a r ly  w ith  tim e . However, 
t h i s  e r ro r  i s  sm all provided  th e  change of tem perature between 
successive  read ings i s  sm all, say le s s  th an  3 ° .
P .R .B . TEMPERATURE CORRECTION Ai
BEQIN
INTEQER R , D , N , Q f 
REAL B,  TA, A E 1
READ R , B , D , T A , A E ‘ Q: = D!
BEQIN
REAL ARRAY P , T ,  TP,  T M C i i D i ) 1 
FOR N : =1 S T E P  1 UNTI L D DO 
BEQIN READ PCND , TCN ) ,  T P G D 1 
I F  PCN> = o  THEN Q ; = Q - i  
END*
COMMENT P = o  I M P L I E S  THAT P WAS NOT DETERMINED1 
TMCi D: = T C O 1
FOR N : = 2 STEP  i  UNTIL D DO 
TMCN) : = T M C N - i : > + C T C N ^ - T C N - i )  >
E X P C A E / 2 * C i  / C TA + 273D -  i / C C T P C N D + T P C N - i D 3 / 2 + 2 7 3 ) ) )  1 
PRI NT C £ L ? R E A C T I O N ? , S A M E L I N E , D I Q T T S C 3 ) , R ,  - 
£ £ L ? B = ? , F R E E P O I N T C 3E ) , B ,  •
£ £ L ? ? , D I Q I T S C 2 ^ , Q . £  SAMPLES? ,  - 
£ £ L ?  P T ? 1
FOR N: = t  S TE P  1 UNTI L D DO 
I F  PCN)  QR o THEN
PRI NT FREE POi N T C / p , P O O  , SAME LI N E , A'LI QNED C6,  1 D, TM CN 3
END
END1
DATA INPUT FOR TEMPERATURE CORRECTION PROQRAM
30 I 1 6 80
0 0 2 0
0 1 6 5
0 2 77
• 0 7 9 3 80  • 6
0 13 8 x « 6
• 3 1 5 1 6 8 1 * 3
0 1 9 81
• 4 6 0 2 8 80  • 9
• 5 5 0 40 80 • 7
• 6 0 7 51 8 0 • 3
. 6 5 6 83 8 0 • 2
* 6 8 8 74 80
• 7 2 8 89 80
*757 i o i 80
• 7 8 0 1 1 4 80
•  8 0 0 1 30 80
OUTPUT FROM TEMPERATURE CORRECTION PROQRAM 
AND INPUT FOR K I N E T I C S  PROQRAHS*
REACTION 30 
B= i * o o  
XI s a m p l e s  
P T
•o 7 9 0  1 • 6
• 3 'i 5°  1 5 *6
• 4 6 0 0  2 8 * 3
• 5 5 0 0  4 1 * 0
• 6 0 7 0  52 • 3
• 6 5 6 0  6 4 * 5
• 6 8 8 0  7 5 * 6
. 7 2  8 q 9 0 • 6
• 7 5 7 °  1 0 2 * 6
• 7 8 0 0  1 1 5 * 6
*80 o o  1 3 1 * 6  -
OUTPUT FROM K I N E T I C S  A PROQRAM 
REACTION 30 B= i * o o  11 SAMPLES
P T YA YB YC
• 0 7 9 0  1 * 6  0 * 0 8 5 8  0 * 5 9 4 0  o * i o o o
* 3 1 5 0  1 5 * 5  0 * 4 5 9 9  1 * 4 5 4 0  2 * 1 5 3 2
• 4 6 0 0  2 8 * 3  0 * 8 5 1 9  2 * o 8 j 8 3 * 1 6 1 7
*5 5 ° °  41 *0 1 * 2 2 2 2  2 • 60 2 I 3 *8 9 3 I
• 6 0 7 0  5 2 * 3  i *  5 4 4 5  3 *0 2 5 5 " 4 * 4 4 9 5
• 6 5 6 0  6 4 * 5  1 * 9 0 7 0  3 * 4 8 1 3  5 * 0 2 2 7
• 6 8 8 0  7 5 * 6  2 * 2 0 5 1  3 * 8 4 4 9  5 * 4 6 6 1
• 7 2 8 0  9 0 * 6  2 * 6 7 6 5  4 * 4 0 4 8  6 * 1 3 1 2
*7 5 7°  1 0 2 * 6  3 * 1 1 5 2  4 * 9 1 3 8  6 * 7 2 1 8 -
* 7 8 0 0  1 1 5 * 6  3 * 5 4 5 5  5 * 4 0 4 5  7 * 2 8 1 4
• 8 0 0 0  1 3 1 * 6  4 * o o o o  5 * 9 1 5 8  7 * 8 5 8 5
2.7*2* K inetics Programs
These we re  a s e r ie s  of programs designed to  s im p lify  th e  
c a lc u la t io n  of k in e t ic s  r e s u l t s  when complex formulae were involved* 
Each program was designed to  apply  to  a  p a r t ic u la r  reac tio n *  The 
program "K inetics  A” was ty p ic a l  of th ese  programs and was used  w ith  
th e  d a ta  from the a d d itio n  e s te r  i f i c a t io n  r e a c t io n s .
K in e tic s  A
The d a ta  from th e  re a c t io n  were t r e a te d  in  th re e  d i f f e r e n t  ways.
The re a c tio n s  were t r e a te d  as simple second order re a c tio n s  and th e
fu n c tio n s  YA c a lc u la te d ; as r e a c tio n s  ca ta ly se d  according to  th e  square
ro o t of th e  re a c t io n  p ro d u c t, i . e .  a  o rder re a c t io n  (YB) ; and as
re a c tio n s  c a ta ly se d  by th e  re a c tio n  p roduct, i . e .  3rd  o rder (YC) • The
d e r iv a tio n  o f th e  equations i s  g iven  in  S ections 2 .6 .2 . ,  2 .6 .4 * , and
2 .6 .5*  r e s p e c t iv e ly .  The fu n c tio n s  YA, YB, YC were arranged so th a t
(n -i )graphs of th ese  fu n c tio n s  a g a in s t tim e gave l in e s  of slope = ka 
where n  was th e  order of th e  r e a c t io n . The program ap p lie s , th e  g e n e ra l 
equations except when B=i , when th e  more sp e c if ic  equations a re  u sed . 
Thus, fo r  a  2J  o rder r e a c t io n , form ula ( 3) S ection  2 .6 .4*  i s  used 
u n le ss  B=i when form ula ( 5 ) i s  u sed . In  the  case of th e  3 ^  °r <3er 
re a c t io n  (YC) an a r b i t r a r y  in te g ra tio n  co n stan t F i s  added to  ensure 
th a t  a l l  v a lu es  of YC are  p o s i t iv e .
The d a ta  inpu t fo r  th e  program c o n s is ts  of th e  re a c t io n  number, 
th e  va lue  o f B, and D (th e  number of samples) fo llow ed by D v a lu es  of 
P and t  ( th e  re a c t io n  tim e ) . The ou tpu t which c o n s is ts  of v a lu e s  of 
P , t ,  YA, YB, and YC was used to  p lo t  graphs of the th re e  fu n c tio n s  
YA, YB, and YC so th a t  i t  could  be seen which of th e  th re e  tre a tm e n ts  
gave th e  b e s t  r e s u l t s .  Examples of inpu t and output d a ta  a re  g iv en  on 
th e  p rev ious page.
This program processed  the d a ta  from the ad d itio n  condensation 
r e a c tio n s  in  cases where th e re  was a  d e f in i te  eq u ilib riu m  d e te c te d .
I t  used equation  (4 ) S ec tio n  2 .6 .6 . ;  equation  (4 ) S ec tio n  2 .6 .7*  ; and 
equation  (3 ) S ec tion  2 .6 .8  to  c a lc u la te  th e  fu n c tio n s  YA., YB, and YC. 
K in e tic s  C
This ap p lied  equation  (2) or (^) S ec tio n  2 .6 .9 * ; to  an 
a u to c a ta ly tic  ad d itio n  e s te r i f i c a t io n  and made an allowance f o r  th e  
presence of a  weak ac id  to  s t a r t  th e  r e a c t io n .
K in e tic s  D and E
These programs c a lc u la te d  th e  r e s u l t s  f o r  re a c tio n s  th a t  produced 
an e s te r i f i c a t io n  e q u ilib riu m . K in e tic s  D ap p lied  equations (4 ) ,  (8) 
and (8) of S ection  2 .6 .1 1 . ,  u n le ss  I  had a  n egative  v a lu e . I f  I  was 
n eg a tiv e  K in e tics  E had to  be u sed . This employed equations ( l l ) ,  (10) 
and (12 ) ,  fo r  th e  c a lc u la tio n  of YA, YB, and YC.
K in e tic s  F
This program processed  th e  r e s u l t s  of the  polycondensation 
re a c tio n s  using  equations (1 ) ,  (2) and ( 3) of S ec tion  2 .6 .1 0 .
P .R .B . KINETICS A1
B E Q I N
I N T E Q E R  R , D , N , A f
R E A L  B , 0 ,  P , Q , T , Y A ,  Y B , Y C , F f
R E A D  R , B , D 1
B E Q I N
R E A L  A R R A Y  P P , T T C i : D ) '
C :  =  S Q R T C B 9 '  F  : =  o* A : = o f 
F O R  N :  =  i  S T E P  i  U N T I L  D DO 
B E Q I N  READ P P C N l , T T C N > f
I F  P P C N 9  Q R E Q  i  O R  P P C N l  Q R E Q  B THEN 
A; = a + 1 EN D 1 
P R I N T  £ £ L 6 S ? K I N E T I C S  A ? 1 
I F  R = o  T H E N  P R I N T - £ £ L S ? T E S T  DA T A  o ?
E L S E  P R I N T  £ £ L S ? R E A C T I O N ? ,  - S A M E L I N E ,  - D I Q I T S  C 3 9 ,  * R f 
P R I N T  £ £ S 2 ? B = ?  ; S A M E L I  NE , F R E E  POI  N T C  3 !  ,  B ,  £  E = i  ?  , D I Q I T S C 2 ) , D  
£  S A M P L E S  £ L 2 S 3 ? P £ S 7 ? T £ S 7 ? Y A £ S 7 ? Y B £ S 7 ? Y C ? '
F O R  N :  =  i  S T E P  i  U N T I L  D ~ A  DO 
BEQIN
P : = P P C N > f T : =  T T C N l  *
Q :  =  S Q R T C p )  1 
I F  B = i  THEN B E Q I N  
Y A : =  P / C i - p } 1
Y B : =  Q / C i - p 9 + L N C C i + Q V C i - Q 9 1 / 2 !
Y C : =  1 / C i - P 9  +  L N C P / C  i - P l  9 + F 1
E N D
E L S E
B E Q I  N
Y A : =  L N C C B - P 9 / C B * C i - p m / C B - i 9  1
YB:= C L N C C i + Q 9 / C i - Q 9 9  -  LN C Cc+Q V  C c - Q >  V C  V  CB~ i  9 1 
Y C : =  LNCCB“ P 9 / C i - P 9 1 / C B - i 9 + LN C P / C b - P 9 9 / b +F 1 
E N D 1
I F  N = i  A N D  YC L E S S  2 * Y B - Y A  T H E N  B E Q I N  F : = 2 * Y B - Y A ~ Y C 1 
YC:  =  Y C + F  END*  ~ >
P R I N T  F R E E P O I N T  C 4 I , P ,  SAME L I  NE , A L I Q N E D  C 5 , 0 , T ,  -
A LI  Q NED C-3f 4 3 , Y A f Y B f YC
E N D 1
P R I N T  £ £ S 4 L 4 R 4 0 ? ?
E N D
E N D 1
2 .7 .3*  Hate Constant Programs
The o b jec t of th ese  programs was to  p re d ic t  th e  time required , 
to  reach  predetermined, e x ten ts  of re a c tio n  in  complex r e a c t io n s .
This could  be done using  th e  th e o r e t ic a l  equations fo r  th e  re a c tio n s  
by se le c tin g  d e s ire d  v a lu es  of r a t e  c o n s ta n ts . The p rocess can b e s t  
he i l l u s t r a t e d  by re fe re n c e  to  a  simple equation  (where the  p rocess 
i s  n o t r e a l l y  re q u ire d .)
H  = k ( l-P )2
dP APWe can re p lace  —  by i f  A P  i s  sm all
H  = k d - P ) 2 •
A P  = A t  k  (1 -P )2 . . .  .  .  ( l )
I f  P i s  o r ig in a l ly  s e t  as  0 and a value  p f  A t  s e le c te d  th en  A P  can
be c a lc u la te d  from th e  above eq u a tio n . The value o f P i s  then  in c reased
by A P  and th e  p rocess rep ea ted  u n t i l  th e  d e s ire d  value  of P i s
reach ed . Provided a  v e ry  sm all v a lu e  of A T i s  used accu ra te  r e s u l t s
can be o b ta in ed , bu t i t  i s  a leng thy  p ro cess . P a rt of th e  n o v e lty  of
AP
th e  p re sen t program was th e  use of P + -g~  in  p lace  of P in  th e  
above eq u a tio n . This bases th e  c a lc u la tio n  o f A P  no t on th e  i n i t i a l  
value; o f  _P b u t :on the-average va lue  o f P over the  time in te r v a l  A t .
One problem w ith  th e  program i s  th e  s e tt in g  of a  s u i ta b le  v a lu e  
o f A t .  Id e a l ly  i t  would be b e t te r  to  s e t  A P  and c a lc u la te  A t .  
Although th i s  can be done w ith  the  above re a c t io n  i t  i s  n o t p o s s ib le  
w ith  more complex r e a c t io n s .  This was so lved  by s e tt in g  A t i n i t i a l l y  
equal to  O.OOl/k and ad ju s tin g  i t s  va lue  c o n tin u a lly  during th e
O
c a lc u la tio n  by d iv id ing  th e  i n i t i a l  value  by (i - p ) .  T h is gives- a  v e ry  
ra p id  c a lc u la tio n  because o f a co n stan t va lue  o f P = 0 .001 , b u t 
in tro d u ces  inaccuracy  a t  a  l a t e  s tag e  of th e  r e a c t io n . T his inaccu racy  
was overcome by d iv id ing  th e  i n i t i a l  value  no t by ( l-P )^  b u t by  
( j -0«9P) (*1 - P ) . This g iv es  a ra p id  c a lc u la tio n  and an accuracy g re a te r
th an  1 in  1000 over the range 0 -  99*5?°. These p r in c ip le s  are  
n o tic a b le  in  th e  a c tu a l  programs th a t  were used .
Rate Constant JjD i s  a  program th a t  p re d ic ts  th e  r a te  of a  p rocess 
invo lv ing  two successive re a c tio n s  as o u tlin e d  in  S ection  2 .6 .3*  Rate 
C onstant 4B ap p lie s  to  th e  same re a c t io n  where the  r a te  i s  c a ta ly se d  
by th e  square ro o t of th e  re a c t io n  p ro d u c t. Graphs of th e  o u tpu ts  o f 
th e se  programs are  shown in  F igure 4*1*H* 12 and 13, and a re  d iscu ssed  
in  S ection  4*1*
P. R.B.  RATE CONSTANT 3D
1
B E Q I N
I N T EQ ER D , N , C O U N T 1
REAL B , K i , K  2 , T D , D T , P , T , T T , Y , Y Y , K K , X , Z , D X , D Z , U , V 1
READ B , K i , K 2 ,  D 1
B E Q I N
REAL ARRAY A C i . - D ^ 1 
SWITCH S : =  WOR K, H E LL 1
FOR N : =  i  S T E P  1 U N T I L  D DO READ A C N ) 1
COUNT:  =  o 1 N : =  i 1
P : =  T : =  T T : =  X : =  Z : =  DXMLF D Z : =  o f
T D : =  .  o o i / K i  1 D T : =  T D 1
U : =  P + D X / 2 + D Z '  V : =  X + D X / 2 1
D X : =  D T * C i “ U D * C K i * C B - U “ V } - K 2 * V }  '
D Z :  =  D T *  C i - U ^ * K  2 * Y '
I F  B = i  THEN Y: = Y Y : =  P / C  i - P )
E LS E B E Q I N  Y : =  Y Y : =  L N C C i - P / b V C  i - p )  V C B - O  1 
P R I N T  £ £ L 2 ? B = ? , S A M E L I N E , A L I Q N E D C 2 ,  3 ) , B  
END*
P R I N T  £ £ L 2 ? K i = ? ,  SAME L I N E ,  SCALED C 4 ) , K i , £ £ S 3 ? K  2 - ? ,  - 
S C A L E D C 4 > , K 2 , £ £ L 3 S ? C 0 U N T £ S 5 ? X £ S 7 ? Z £ S 5 ? P C I N 0 ?
£ £ S 3  ? P C O U T ) £ S 6 ? T £ S 7 ?  Y £ S 8 ? K ? , £ £ L ? ? , D I Q I T S C 5 ) ,  - 
C O U N T , P R E F I X C £ - / 3 2 ? ? D , FREE P O I N T C 4 } , X , Z , P , P ,  - 
SAMELI N E ,  ALI  QNEDC7  , O  ,  T ,  A L I Q N E D C 3 , 4 ^  , Y f 
WORK: • •
U : =  F + D X / 2 + D Z 1 V : =  X + D X / 2 1 
D X : =  D T* C i - U >  CKi * C B ~ U - V > - K 2 * Y }  1 
DZ:  =  D T * C i - U ^ * K 2 * Y i 
C O U N T : =  C O U N T + 1 1
T : =  T + D T 1 X: =  X+DX* Z : =  Z+DZ® P : = X + 2 * Z *
D T : =  T D / C  i ~ .  9 5  * P ^ /  C B - P - X + K  2 * X / K  O  1 
I F  P L E S S  A C N )  THEN QOTO WORK1 
I F  B =  1 THEN Y : =  P / C  i - p )
E L S E  Y : =  L N C C i ~ P / B V C i - P ^ / C B -  0  1 
K K : =  C Y - Y Y ^ / C T - T T ^ 1
PRI NT D I Q I  TI C'5 > ,  COUNT,  PREFI  X C £ £ S 2 ? ? )  , F R E E P O I  N T C 4 ) , • 
X,  Z ,  A CN)  ,  P ,  SAMELI  NE , A L I Q N E D  C7 , O  ,  T ,  A L I  Q N E D C 3 ,  4 ) ,  *
Y,  £ £ S 2 ?  ? , S C A L E D C 4 ^ , K K '
I F  COUNT QR 5 0 0 0  THEN QOTO H E L L 1 
I F  N L E S S  D THEN
B E Q I N  '
Y Y : =  Y® TT:  =  T I N : = N +  i *
I F  A CN }  QR • g g 6 * B  OR A C N }  QR . 9 9 6  THEN QOTO HELL
U : =  P + D X / 2 + D Z *  Y : =  X + D X / 2 1
DX : =  D T * C i - U ^ * C K i * C b - U - Y > K 2 * y ^ 1
D Z : =  D T * C i - U } * K 2 * V 1
QOTO WORK
END*
H E L L : E N D
P. R. B.  RATE CONSTANT 4 B
1
B E Q I N
I NTEQER D, N , CO UN T'
REAL B ,  K i  ,K 2 , T D , D T ,  P ,  T ,  T T ,  Y,  Y Y , K K , X ,  2 , D X ,  D Z , U , V , W1 
READ B , K i , K 2 , D '
BEQ I N
REAL A R R A Y . A C i : D > '
SW1  TCH S : =  W O RK , H E L L 1
FOR N : =  1 S T E P  1 UNTI L D DO READ A C N ) 1
COUNT:  =  o '  N : =  1 1 • T : =  T T : =  Z : =  D X : =  D Z : =  o*
P : =  X : =  .  o i 1
T D: =  . o o i / K i 1 DT: =  T D 1
U : =  P + D X / 2 + D Z '  Y : =  X + D X / 2 1 W:= S Q R T O P '
DX:  =  D T*  C i - U } * C K  i *  C B ~ U - V } ~ K 2 * y ^ * W *
D Z : =  D T * C i - U D * K 2 *  V* W*
I F  B = i  THEN Y:  =  YY: = P / C  i -  P^
E L S E  B E Q I N  Y: = Y Y : =  LN C C l - P / B ^ / C  l - p D ) / C B - i ) 1 
F R I N T  £ £ L 2 ? B = ? , S A M E L I N E , A L I Q N E D C 2 , 3 0 , B  
END*
P R I N T  £ £ L  2?  K i = ? ,  SAMELI  NE , S C A L E D  C4 2  , K i , £ £ S  3 ? K 2 =  ? , • 
S CA L E D C 4 } , K 2 ,  - £ £ L  3 S ? C O U N T £ S s ? X £ S 7  ? Z £ S  5 ?  PC I N } ? ,  - 
£ £ S 3 ?  P C 0 U T ^ £ S 6 ? T £ S 7 ? Y £ S 8 ? K ?  £ £ L ? ? , D I Q I T S C 5 } ,  *
COUNT ,  FREFI  X C £ £ S 2 ? ? )  , F R E E P O I N T C 4  ^ ,  X , Z ,  P ,  P ,  - 
SAMELI  N E ,  ALI  Q N E D C 7 ,  O  ,  T ,  ALI  QNED C 3 , 4  } ,  Y'
WORK: •
U : =  P+DX/2+DZ* Y:= X + D X / V  W : = S Q R T C U } '
D X : =  D T * C i - U } * C K i * C B - U - V } - K 2 * Y } * W '
D Z : =  DT * C i ~U}*K2*V*W'
C O U N T : =  C O U N T + i 1
T : =  T + D T '  X: =  X+DX'  Z := Z + D Z 1 P : = X + 2 * Z f 
D T :  =  T D / C C i - . 9 5 * P > K B ~ P “ X + K 2 * X / K i : > * w : > '
I F  P L E S S  A C N )  THEN QOTO WORK'
I F  B =  1 THEN Y : =  P / C i - P D
E L S E  Y : =  LN C C i - P / B  V C i - P ^ ^ / C B - O '
KK : =  C Y - Y Y ^ / C T - T P '
PRINT D I Q I T S C 5^ , COUNT ,  PREFI  X C £ £ S 2? ? ) , F R E E P 0 I NTC4 ^ ,  - 
X , Z , A C N } ,  P , S A M E L I NE , AL I Q N E D C7 , 1 } , T , A L I Q N E D C 3 , 4 } ,  - 
Y ,  £ £ S 2 ?  ? ,  SCALED C4 1} + + '
I F  COUNT QR 5 0 0 0  THEN QOTO H EL L '
I F  N L E S S  D THEN 
B E Q I N
Y Y : -  Y' TT:  =  T f N:  =  N+ i »  ^
I F  A CM } QR • 9 9 6 * 8  OR ACN> QR . 9 9 6  THEN QOTO HELL'
QOTO WORK
END'
HELL:END 
END'
The molar co n cen tra tio n s  o f th e  re a c ta n ts  -were c a lc u la te d  from 
th e  d e n s it ie s  of th e  re a c ta n ts*  In  th e  case of the e thy lene g ly c o l 
r e a c t io n  th e  d e n s ity  of th e  re a c tin g  m ixtures was determ ined a t  60° 
in  a s p e c if ic  g ra v ity  ‘b o ttle*  Two determ inations were made, one f a i r l y  
e a r ly  in  th e  re a c tio n  and the  o th e r a t  a  f a i r l y  l a te  stage* Prom the 
v a lu es  o b ta in ed , th e  d e n s it ie s  and hence th e  molar co n cen tra tio n s  and 
m olar volumes were c a lc u la te d  a t  0 and 100% r e a c t io n , assuming 
th a t  th e  change in  d e n s ity  was l in e a r  w ith  amount of reac tio n *  The 
v a lu es  c a lc u la te d  are  shown below:
Table 2 .8 .1 .
B = 2 B a  1
% R eaction B a  m«v. 2  — m .v.
0 1.20 7 .5  153 1 .24  9 .6  104 
50 1 .25 7 .8  128 I .30  1 0 .1  99
100 1.30 8 .1  124 1.37 10.6 94.5
3 owhere D. i s  th e  d e n s ity  g/cm a t  60
a  i s  th e  co n cen tra tio n  in  m o le s / l i t r e
3
m .v. i s  the  molar volume in  cm .
For the  c a lc u la tio n  of k fo r  the  ad d itio n  e s te r i f i c a t io n  r e a c tio n s  
th e  v a lu es  of *af a t  50% r e a c t io n  were u sed , fo r  th e  condensation  
e s te r  i f  ic a t  ions the  v a lu es  a t  100/o r e  a c t ion were u sed .
3 3
From th ese  d a ta , v a lu es  o f 74 cnr and 60 cm were c a lc u la te d  f o r
th e  m olar volumes of m aleic anhydride and ethy lene g ly c o l r e s p e c t iv e ly .
3
The a d d itio n  e s te r i f i c a t io n  r e s u l te d  in  a  decrease of 10 cm in  th e  
m olar volume of a m ixture con ta in ing  1 mole of m aleic anhydride • These 
v a lu es  were used  to  e s tim ate  the  m olar volumes of o th e r m ixtures of 
e th y len e  g ly c o l and m aleic anhydride.
For the  re a c tio n s  of m aleic anhydride w ith  o th e r a lco h o ls  and 
g ly c o ls ,  th e  molar volumes o f th e  a lco h o ls  were c a lc u la te d  from t h e i r  
d e n s i t ie s  a t  20°, th ese  were then  m u ltip lie d  by 1.08 to  a llow  f o r  
therm al expansion from 20° to  60°, and used  to  e s tim ate  approximate 
v a lu es  of th e  molar volumes and molar co n cen tra tio n s  of r e a c t io n  m ix tu re s .
3» R esu lts  
3.1 . G lycol/anhydride re a c tio n s
A l i s t  of a l l  the ad d itio n  e s te r i f i c a t io n  re a c tio n s  th a t  gave 
u s e fu l k in e t ic  d a ta  i s  shown in  Table 3*1 «1 * The ab b rev ia tio n s  used 
a re  exp la ined  in  th e  ta b le ,  o th er than  those  used fo r  the re a c ta n ts  
which are  shown in  Appendix 1 *
The a c tu a l  r e s u l t s  obtained  in  these  re a c tio n s  are shown in  Table 
3*1 .2* These are in  the form used fo r  the  com puterised d a ta  p ro cess in g .
In  experim ents, where th e re  was some m easurable d ev ia tio n  from the 
in tended  tem perature o f r e a c t io n , o r where apprec iab le  re a c t io n  had 
occurred  befo re  the  re a c ta n ts  had reached th e  re a c tio n  tem pera tu re , the  
d a ta  were su b jec ted  to  a  tem perature c o r re c tio n  p rocess( see S ec tio n  2.7*1 • ) •  
In  th ese  cases the d a ta  are d isp layed  in  th re e  columns; as P= f r a c t io n  
o f anhydride re a c te d , T= time of re a c tio n  in  m inutes, and Tp= tem perature 
o f  th e  re a c ta n ts  in  degrees C en tig rade. The columns are  headed by the  
number o f th e  re a c tio n  (as  in  Table 3©1 .1 •) : B, the molar r a t i o  of -OH 
groups to  anhydride m olecules: D, the  number of re a d in g s : and f i n a l l y  
two numbers, the  f i r s t  o f which i s  the tem perature ( in  °C) to  which th e  
d a ta  w i l l  be c o rre c te d , and th e  second i s  an approximate or e s tim a ted  
va lu e  o f th e  a c t iv a tio n  energy o f th e  re a c tio n  in  c a lo r ie s  p er m ole.
The symbol 0 in  the  f i r s t  column in d ic a te s  th a t  th e re  was no v a lu e  o f 
P determ ined a t  th a t  p a r t ic u la r  tim e . In  experim ents where th e  tem perature 
c o rre c tio n  was n o t re q u ire d , th e  d a ta  a re  p resen ted  in  two columns, 
measurement o f the  tem perature being o m itted . The tem perature o f th e  r e a c t io n  
and the a c tiv a tio n  energy are a lso  om itted  from the  head ings. These d a ta  
fire i n  the same form as the output from th e  tem perature c o r re c tio n  program 
and in  the  c o rre c t form fo r  the  k in e t ic s  c a lc u la t io n s .
Summary o f Alcohol/Anhydride re a c tio n  th a t  gave u s e fu l k in e t ic  r e s u l t  
The a c tu a l  r e s u l t s  are shown in  Tahle 3»1 «2.
R Ale B Tg M Comments
5 -E~ 2 56 1 exotherm to  67°
6 -E - 1 56 1 exotherm to  60°
13 -E- 2 56 1 no s t i r r i n g ,  exotherm to  89°
19 -E- 2 60 2
20 -E- 2 60 2
21 -E - 1 60 2
22 -E- 4  60 2
23 -E - 8 60 2 too  few samples befo re  90fo re a c t io n
25 -E - 8 60 2
26 -E- i / 2  60 2
27 -E - 2 60 2 re a c tio n  in  the presence of 1 Qmol/fc w ater
28 —E - 2 70 2
29 -E - 1 70 2 “
30 -E- 1 80 2
31 -E- 2 80 2
33 A-E- 1 80 2
36 -P s -  1 80 2
43 -E- 1 80 2 re a c tio n  in  50^° e thoxyethy l a c e ta te
78 M- 1 60 2
80 M- 1 60 4  no tem perature measurements
108 -P s- 2 60 2
138 -H- 2 60 2
145 -H- 1 60 2
149 -sB s- 2 80 2
151 -sB s- 2 80 2
152 -sB s- 2 50 3 oven p re p a ra tio n
154 B t-  1 50 3 oven p re p a ra tio n
186 M-E- 1 80 3
R i s  re a c t io n  number
Ale type o f a lco h o l or g ly c o lj a h h rev ia tio n s  are  as in  appendix 1 • 
B i s  r a t io  o f a lco h o l groups to  anhydride m olecules.
Tp i s  nominal re a c tio n  tem perature
M i s  th e  method as in  the  su b -sec tio n s  of S ec tio n  2 .1 •
A d d it io n  E s t e r i f i c a t i o n  R e s u lts
> iiiTiim ii*> iiii mi i ir irnr revTi'UMiiinr
R eaction 5 
B = 2 35 read ings TA 60° AE 16000
P T Tp P T Tp ...... P T Tp
0 0 19.0 0 12 59.0 0 56 62.5
0 1 47*0 .265 14 61 .0 0 61 61 .5
0 2 48 .0 0 17 62.0 0 71 60.5
0 3 48.5 0 18 65.0 0 77 60.0
0 4 50 .0 .350 20 65.0 .792 88 57.0
0 5 50 .0 0 22 66.0 0 97 58.5
0 6 52.5 0 24 66.5 0 102 58 .0
0 7 55*0 0 26 66 .5 0 115 58.0
0 8 57.0 .490 28 66.8 0 133 57.6
.1 96 9 57.0 0 35 66 .5 0 145 57.5
0 10 58.0 0 45 66.0 .891 148 57.3
.212 11 59*0 •666 48 64 .O
R eaction  6 ■
B = 1 24 read ings TA 60° AE 15800
P T Tp P T Tp P T Tp
0 . 0 19.0 .15 30 59.5 .50 130 57.0
0 2 27.0 .21 40 60.0 0 145 57.0
0 5 47 .0 .30 55 59*5 .56 175 56.5
0 8 48 .0 .37 75 59.0 •61 215 56.5
0 11 53.0 0 85 58.5 .59 215 56.5
0 13 56.0 .45 100 58.0 .74 335 56.5
.08 15 56.0 0 110 58.0 .815 575 56.5
.12 20 58.5 0 120 57.5 ..885 965 56.5
R eaction 13
CMiiW 38 read ings TA 60° AE 16000
P T T p p T T p P T Tp
0 0 20.0 0 20 65.0 0 85 65.0
0 1 29 .O 0 22 67.5 .970 90 63 .O
0 2 35.0 0 29 78.0 0 100 60.0
0 3 4 2 .0 .520 31 81 .0 .981 140 57 .0
0 5 4 6 .0 0 35 86.0 0 155 56.7
0 6 47 .0 0 40 88.5 0 180 56.7
0 7 47 .0 0 45 88.0 .994 190 56.7
0 8 49*0
0ir\00• 48 86.0 1 .000 250 56.7
0 9 49*0 0 52 84.0 1.003 310 56.7
0 12 57.0 0 60 78.0 1.010 370 56.7
0 13 57.5 .920 63 76.0 1 .015 430 56.7
.012 15 59.0 0 65 74.0 1.020 470 56.7
0 18 62 .0 0 75 68.0
B i s  th e  r a t i o  o f  a lc o h o l  grou p s t o  an h yd rid e m o le c u le s .
TA i s  th e  tem p era tu re  t o  w h ich  th e  d a ta  w i l l  "be c o r r e c t e d .
AE i s  th e  e s t im a te d  v a lu e  o f  th e  a c t iv a t io n  e n e r g y  in  c a l / g  m o l.  
T i s  th e  tim e o f  r e a c t io n  in  m in u te s .
Tp i s  th e  r e co r d e d  tem p era tu re .
P  i s  th e  f r a c t io n  o f  anhyd ride r e a c t e d .
R eaction  19
B = 2 16 read in g s  TA 60° AE 16000
P T Tp P T Tp P T TP ..... _
0 0 20.0 .113 8 60.0 .617 56 59.9
0 2 4 2 .0 0 12 60 .0  : .719 78 59.8
0 3 48.0 0 17 60.1 .775 95 59.8
0 4. 53.0 0 23 60.1 .822 112 59.8
0 5 36.0 0 33 i 59.9
0 7 59.0 .453
; .
34 59.9
i
R eaction 20
B = 2 10 read ings TA 60° AE 16000
P T Tp p T Tp p T Tp
0 0 20.0 . 3^2 23 60.6 .793 103 59.7
0 3 55.0 .543 45 60 .0 .847 127 59.6
0 6 58.0 .669 67 60.0
.152 7 59.8 .756i 88 59.9 . -
R eaction  21
B = 1 18 read ings
P T p T P T
.0^3 3 .624 192 .741 338
.185 23 .645 212 .753 358
.293 45 .663 232 .762 378
.374 65 •665 252 .769 398
.439 83 .696 272 .777 418
.394- 172 .713 292 .794 438
R eaction 22
B = 4- 19 read ings TA 60° AS 1 6000
P T . Tp p T Tp P T Tp
0 0 20.0 0 22 61 .1 .990 107 60.0
0 2 50.0 0 27 61 .0 1 .000 167 60.0
. 0 3 51.0 .759 32 60.9 1.010 257 60.0
0 5 57.0 0 37 60.4 1 .020 319 60.0
*239 7 60.3 0 47 6O.3 1 .030 379 60.0
0 12 61.2 .924 57 60.2
0 17 61.2 0 72 60.0
R eaction 23
B = 8 17 read ings TA 60 AE 16000
P T Tp P T Tp . 1 P T IP  . . .
0 0 20.0 .337 7 60.0 0 45 60.0
0 1 30.0 0 -11 61 .0 .978 54 60.0
0 2 4 6 .0 0 20 60.8 .982 72 60.0
0 4 55.0 .841 23 60.5 .990 87 60.0
0 5 59.5 0 25 60.2 .998 142 60.0
0 6 59.0 .950 39 60.1
Table 3>1 «2. (continued)
R eaction  25
B =. 8 15 read ings TA 60° AE 16000
P T Tp P T Tp P T Tp
0 0 20.0 0 5 59.0 .893 28 60.0
0 1 50 .0 .38 8 60.0 .930 33 60.0
0 2 4 8 .0 .39 13 60 .0 .954 38 60.0
0 3 53.0 .747 18 6O0O .967 43 60.0
0 4 5 8 .0 .839 23 60 .0 1 .008 173 60 .0
R eaction  26
B = .5 15 read ings TA 60° AE 16000
P T Tp P T Tp I P T Tp. _ ^
.042 10 60.1 .241 100 60.1 .430 380 60.0
.068 20 60.1 .287 140 60 .0 .446 400 60 .0
.092 30 60.1 .348 201 6 0 .0 •444 460 6 0 .0
•140 30 60.1 .379 261 60 .0 .459 610 60 .0
.192 70 60.1 .407 320 60 .0 | .498 715 60.0
R eaction  27
B = 2 18 read ings TA 60° AE 16000
P T Tp P T Tp P . T Tp
0 0 20 .0 0 13 61 .2 .788 67 60.3
0 4 51.0 0 24 60.9 0 73 60 .2
0 5 37.0 .317 27 60.9 .850 87 60.1
0 6 60 .0 0 40 60.8 .898 107 60.1
. 152 7 60.0 .691 47 60.6 .929 127 60 .0
0 11 61.2 0 60 60.3 .958 147 60 .0
R eaction  28
B = 2 17 read ings TA 70° AE 16000
P T Tp P T Tp P T Tp
0 0 20 .0 .336 15 7 2 .0 .801 55 70 .4
0 2 47 .0  ! 0 18 71.2 .847 65 7O.4
0 3 5 2 . 0 , j .345 25 7 1 .0 .879 75 7 0 .2
0 4 69.0 I 0 28 70 .8 .904 85 70.1
.090 5 70 .0 •666 35 70.7 .982 152 7 0 .0
0 9 72 .0 .744 45 70.5
/
R eaction  29
B = 1 17 read ings TA 70° AE 15800
P T Tp P T Tp P T Tp
0 0 20 .0 0 J 6 71 .0 .678 126 70 .2
0 2 52.0 .280 26 71 .0 .724 156 70.1
0 3 67 .0 . m 46 70.7 .757 186 70.1
0 4 69.5 .522 66 70 .4 .786 216 70.1
0 5 70 .4 .590 86 70.3 .807 246 7 0 .0
.059 6 70 .6 .635 106 7 0 .2
Table 3*1 .2 . (continued;
R eaction 30 
B = 1 16 read ings TA 80° AE 15800
P T Tp P r t Tp P T Tp
0 0 20.0 0 19 81 .0 .728 69 80.0
0 1 65.0 •460 ] 28 8O.9 .757 101 80.0
0 2 77 .0 .550 | 40 80 .7 .780 114 80.0
.079 3 8046 .607 51 8O.3 .800 130 80.0
0 13 81 .6 .656 ! 63 80*2
.315 16 81 .3 .688 I 74 80.0
R eaction 31
CMnW 15 read in g s  TA 80° AE 16000
P T Tp P T Tp P T Tp
0 0 20.0 0 13 81 .9 .795 30 80.8
0 4 79.0 .556 15 81 .8 .839 35 80.6
.175 5 81 .3 0 18 81 .2 .864 40 80.6
0 8 82.1 .659 20 81 o1 .981 80 80.0
.400 10 82.1 .735 25 81 .1 1.094 370 79.9
R eaction 33
B = 1 15 read ings TA 80° AE 16000
P T Tp P T Tp P T Tp
0 0 20.0 .C96 27 80.1 .698 227 86.0
0 4 7 5 .0 .192 47 80.0 .758 287 80.0
0 5 78.0 .327 77 80.0 .801 347 80 .0
0 6 79.2 .469 110 80.0 .831 407 80.0
.022 7 79.9 .594 167 80.0 .855 467 80.0
R eaction  36
B = 1 20 read ings TA 80° AE 15800
P T Tp P T Tp P T Tp
0 0 20.0 0 32 81 .0 •644 145 80.3
0 2 72.0 .327 45 81 .0 .729 205 80.1
0 3 78.0 .430 65 80.5 .782 268 80.0
0 4 79.6 0 72 81 .0 .823 330 80.0
.050 5 80.2 .504 85 80.9 .850 385 80.0
0 13 80.5 .559 105 80.3 .871 445 80.0ON00• 25 80.5 .606 125 80.2
R eaction 43
B = 1 14 read ings TA 80° AE 15800
P T ...Tp P T Tp P T Tp
0 0 20.0 .121 32 80.1 .407 124 80.0
0 1 78.0 .145 42 80.1 .563 227 80 .0
.010 2 80.0 .186 52 80 d .753 527 80 .0
.040 12 80.1 .215 62 80.1 .911 4202 80 .0
.076 22 80.1 .262 72 80.1
Tap.ie iccKrsinueaj
R eaction  78
B = 1 14  read ings TA 60° AE 16000
P T Tp P T Tp P T 1 Tp
0 0 20.0 0 20 62 .0 .901 85 60.2
0 2 30.0 .741 25 61 .5 .922 120 60.0
.245 5 62.0 0 30 61 *4 .942 200 60.0
0 9 63.0 .840 45 61 .0 .947 280 60.0
0 13 62.3 ' .882 63 6 0 .4
R eaction  80
B = 1 8 read ings
P T P T
.148 4 .516 13
.255 6 .578 16
•348 8 .636 20
.450 10 .702 23
R eaction  108
B = 2 24 read in g s  TA 60° AE 16000
P T Tp P T Tp P T Tp
0 0 20.0 •144 20 60.3 .800 290 60.0
0 5 47 .0 .194 30 60.2 .884 425 60.0
0 6 56.0 .284 51 60 .1 .902 480 60.0
0 7 59.0 .401 80 60.1 •934 600 60.0
0 8 59.5 .504 110 60.1 .956 720 60.0
0 9 59.8 •606 150 60.1 .972 840 60.0
.025 10 60 .0 .679 190 60.0 .979 920 60.0
0 17 60 .4 .734 230 60.0 .994 1280 60.0
R eaction  1 38
CMu 12 read in g s  TA 60° AE 16000
P T Tp P T Tp | P T Tp
0 0 60.0 •489 11 62 .0  s .897 32
.226 5 60.0 .640 16 62.0 .927 40 60.0
0 6 62.0 .776 21 61 .9  | .975 60 60 .0
0 10 62.0 .862 27 61 .3  | .994 120 60.0
R eaction 145
B = 1 7 read ings TA 60° AE 16000
P T Tp |
0 0 60.0
.250 10 62.0
•395 16 62 .0 —T
.320 19 61 .8
.623 23 61 .0
.670 31 61 .0
.730 39 60.0
R eaction 149 
B = 2 17 read ings
P T , P T P T
.050 15 .187 75 .470 165
.040 22 .227 90 .516 180
.061 30 .285 105 .555 195
.089 40 .330 120 .595 210
.110 50 .382 135 .693 260
.142 60 .423 150
R eaction 151
CM11 12 readings
P T P T P T
.009 5 .557 200 .894: 470
.053 35 .678 260 .895 475
. 20? 92 .765 320 .933 560
.393 145 .850 395 .961 650
R eaction 152
B = 2 3 read ings
P T
•373 1350
.862 2760
.980 4280
R eaction  1 54
B = 1 3 read in g s
P T
.0066 1140
.0180 2460
.0860 8280
R eaction 186
B = 1 23 read ings
P T Tp P T Tp P T Tp
.007 5 79.8 .179 50 80.2 .680 150 80.0
0 7 79.9 .232 60 80.2 .714 170 80.0
.019 10 80.0 .304 . 70 80.2 .110 200 80.0
0 12 80.0 . 381 80 80.2 .797 230 80.0
.023 15 80.0 .423 90 80.2 .836 290 80.0
.042 20 80.0 .498 105 80.1 .866 355 80.0
.074 30 80.1 .571 1 20 80.0 .875 400 80 .0
.119 40 80.2 .625 .135 80.0
P i s  th e  f ra c t io n  of anhydride re a c te d  
T i s  th e  time o f re a c tio n  in  m inutes 
Tp i s  the  recorded tem perature
B i s  th e  r a t i o  o f a lco h o l groups to  anhydride m olecules
3o2. Condensation e s te r i f i c a t io n  and iso m erisa tio n
A ll the  experim ents, where th e  degree o f e s te r i f i c a t io n  and/or the  
degree of iso m erisa tio n  were determ ined^are summarised in  T ables 3*2.1 “4® 
Table 3*2.1 . l i s t s  sea led  tube e s te r i f i c a t io n  re a c tio n s  where e s te r i f i c a t io n  
and iso m erisa tio n  w©re occurring  a t  th e  same tim e. Table 3*2 .2 . l i s t s  
r e a c tio n s  where the e s te r i f i c a t io n  had been allowed to  proceed to  
eq u ilib riu m  a t  50° befo re  the re a c ta n ts  were hea ted  to  h igher tem peratures 
f o r  the iso m erisa tio n  s tu d ie s .  Table 3*2*3* d eals  w ith  polycondensation  
re a c t io n s ,  w hile Table 3*2.4* d ea ls  w ith  the  iso m erisa tio n  o f  the  polymers 
formed.
The a c tu a l  r e s u l t s ,  f r a c t io n  e s t e r i f i e d  and f r a c t io n  is o m e r is e d  
a t  v a r io u s  t im e s ,  a re  shown i n  T ab le  3*2.5 . The d eg ree  o f  e s t e r i f i c a t i o n  
was d eterm in ed  b y  t i t r a t i o n  o f  u n r e a c te d  a c id  ( S e c t io n  2.5*) and th e  
d eg ree  o f  is o m e r is a t io n  b y  one o f  th e  n .m .r .  t e c h n iq u e s  ( S e c t io n  2 .4 .)*
Table 3*2.1 .
S e a le d  tube e s t e r i f i c a t i o n / i s o m e r i s a t i o n  r e a c t io n s
T h is  t a b le  sum m arises th e  p r e p a r a tio n  o f  m ix tu r e s  e s t e r i f i e d  t o  
e q u ilib r iu m  a t  50°  and r e a c t io n s  i n  w h ich  th e  e s t e r i f i c a t i o n  t o  
e q u ilib r iu m  and is o m e r is a t io n  o ccu rred  s im u lta n e o u s ly  a t  1 1 0 -1 5 0 ° .
R R e a c ta n ts  
50 »
52 "-E-M-”
53 "-E-M-”
54 ”-E-H-M
56 -M- + -E-
57
60 -P - + 2-E-
61 -M- + 2-E-
62 -M- + -E -
63 -M- + 2-E-
64 ”-E-M-”
65 + -E-"
67 "-E-M-"
76 "-E-M-"
86A -M- + 2-E- 
86B -F - + 2-E-
87 "-E-M-**
88 "-E-M-"
91 "-E-M-"
94 ” -E-M-” + H20
95 »-E-M-“
96 "M-M- + M-”
101 w-E-M-n
106 w-E-M-”
107 "-E-M- 11
110 «-E-K-”
111 M-sP-M-"
112 w-sP-M-u 
120 "-sP-M-"
124 f,-E-M- + -E-Ph-"
Temp Time t m .
150 240m A
150 200m A
130 450m A
110 540m A
130 46h A
130 240m A
150 720m A
150 72Qm A
150 720m A
50 234a B
50 690d B
150 20h A
150 I49h A
50 28d B
150 370a B/C
150 370a B/0
150 192a A/C
150 192a A/C
150 192a A/C
150 1l8h A/C
50 50a B
50 59a B
50 34a B
50 3 ia B
50 •3ia B
150 480d A
50 282d A/C
50 92a B
150 I92h A/C
50 161 d B
Comments
r e a c ta n ts  c le a r  30m.
-F - deposited  420d 
50 o^ in  diglyme
0  .1 ^ y d r o q u in o i  
P.T  .S .A .
v ario u s  p u r i ty  g ly c o ls
Table 3<>2.1 q (continued) .
R R eactan ts Temp Time Type Comments
125 "-E -Ph-” 150 77a V o
126 "-E-M- + -E -R i-n 150 380h V c
127 "-E-M-" + ”-E -R i-,} 150 96h V o
131 “-E-M-" 50 37d B
139 150 193h V C
140 50 270a B
142 “-E-M-” 50 22d B 0 -I^ P .T .S .A *
143 -M-E-M- 150 480m A -F - deposited
147 ,,-sBs-M-,, 50 154a B
152 "-sBs-M-11 50 75a B
156 M-sBs~M- + -sB s-n 50 125a B
158 n -E-M-’1 150 75m A
159 "-M-sBs-M-" 50 96a B
163 M-E-H- 150 240m A
166 -M-E-M- + -E- 150 240m A
167 ’’-sBs-M-1’ 150 93h V c
R: i s  the  re a c tio n  number
R eac tan ts: th e  ab b rev ia tio n s  used are  as in  Appendix 1«
Time: th e  re a c t io n  time i s  shown in  m inutes, hours or days*
Type: the  type of heating- used  i s  as d escrib ed  in  S ec tion  2.2*1*
A o i l  b a th  h e a tin g .
B oven heating*
C b ra ss  b lock  heating*
P.T.S.A1 p -to luenesu lphon ic  acid*
Diglyme: d ie thy lene g ly c o l dim ethyl e ther*
Tabic 3 .2 q2 q
Iso m erisa tio n  a f te r  e s te r i f i c a t io n  to  eq u ilib riu m  a t  50°
_R R eactan ts Temp Time Te
76 "-E-M-” 130 96h A/C 28d
93 "-E-M-" 150 144h A/C 1l6d
95 "-E-M-” 130 288h A/C 30d
101 n-E-M-” 110 308h A/C 34d
103 "M-M- + M-tt 150 236h A/C 28 d
106 "-E-M-” 170 72h A/C 31d
10? "-E-M-” 150 I 92h A/C 31 a
112 ”-sP-M-" 150 216h A/C 92d
113 "-E-M-" 150 480h A/C 31 d
122 w -E-M-” 150 23d C 32d
124 ”-E-M- + -E-Ph-" 150 96h A/C l6 ld
127 "-E-M-” + "-E-Ph-" 150 96h A/C 36d
131 "-E-M-" 150 240m A 38d
140B h-H-M-” 150 72h A/C 32d
141 150 180m A 32d
144 170 420m A 32a
Comments
25% in  diglyme 
3-12% in  diglyme
” -E-Ph-" 22fh a t  1'50( 
0-3% P.T .S .A .
R: i s  th e  re a c t io n  number
R eactan ts: using  th e  ab b rev ia tio n s  as  in  Appendix 1 •
Time: the  re a c tio n  time i s  shown in  m inutes, hours or days. 
Type: th e  type o f heating  used as d escrib ed  in  S ec tio n  2 .2 .1 .
A o i l  b a th  hea ting  
B oven hea ting  
C b ra ss  h ea tin g  block  
P .T .S .A : p-to luenesulphonic. a c id .
Diglyme: d ie thy lene  g ly c o l dim ethyl e th e r .
Te: tim e of h ea tin g  a t  30° before th e  r e a c t io n .
Table 3 .2 .3 *
P o ly e s te r if ic a tio n /ls o m e r is a tio n  of g ly c o l m aleate
T his ta b le  summarises the  p rep a ra tio n  of p o ly e s te r  r e s in s  from 
the  ethy lene g ly co l/m a le ic  anhydride re a c tio n  p ro d u c t,
R Temp, Time Comments
42 i 31 34h h ea tin g  in  drying p i s t o l  by e thoxyethy l a c e ta te
66 50 600d vapour phase dehydration  by
81A 110 l8 h  hea ting  in  drying p i s t o l  by to luene
102 100 2 lh  -\fo P .T .S ,A ,? steam b a th  heatings a z e o tro p ic
116 100 42h co n tin u a tio n  of R102 under reduced p re ssu re
117A 100 I72h steam b a th  heatings a z e o tro p ic
117B 100 416h c o n tin u a tio n  of R117A under reduced p ressu re
Table 3»2.4»
Iso m erisa tio n  of polymers
This ta b le  summarises th e  iso m erisa tio n  o f the  polmers r e f e r r e d  
to  in  the  ta b le  above,
R Temp, Time Comments
8l B 150 144h R81A a f te r  18h 110°
92 150 192h R66 a f t e r  l85d  a t  50°
104A 150 236h R102 a f t e r  21 h 100°
116 150 27h R116 a f t e r  42h 100°
132 150 128h R117A a f t e r  I72h 100°
132B 170 8h R117A a f te r  I72h 100°
133 150 128h R117B a f t e r  416h 100°
134 150 128h R66 a f t e r  l85d  a t  50°
133 130 128h R66 a f t e r  600d a t  50°
133B 170 8h R66 a f t e r  600d a t  50°
R i s  the re a c tio n  number.
R eaction times are  shown in  hours or days.
T ab le  3 o2o5» 
E s t e r i f i c a t i o n  and I s o m e r is a t io n  r e s u l t s .
R eaction  42 R eaction 53 R eaction 56
Time Pe l a Time Pe lb Time Pe
0 .010 .030 0 .064 0 .124
180m *377 *197 10ra .057 .017 15m .461
330m *401 50m .200 45m .514
8h *514 *392 90m .276 .107 77m .529
I 2h .603 *490 130m .313 105m .522
l 8h .681 *391 170m .337 .146 135m .535
23h .820 •666 21 Qm *332 195m .538
34b .830 <>728 240m .359 •146 315m .523
290m .365 435m .530
330m .368 .199 640m .530
410m .370 .204 l 8h •520
Time Pe l a 620m
• j  1 v
.376 .230 26h .547
0 .984* *017 840m .383 ".260 46h .551
1 Gm .129 .105
20m 
• 30m
*214
*253
*134
.178 R eaction 54 R eaction 57
40m .290 .149 Time Pe lb Time Pe l a
50m .309 .172 10m .047 5m .371 .014
60m *334 .178 1 Qm .036 .011 1 Gm .440 .013
! 80m .343 .198 40m .090 15m .470 .061
100m .363 .248 70m .131
CO0. 20m .487 .063
140m *370 .285 130m .194 30m .505 .0 4 8
180m *374 .285 190m .240 .040 40m •514 .044
240m .367 .330 250m .272 60m .526 • .071:.
310m .298 .098 1 20m .535 .105
R eaction 52 370m450m
.314
.334 .079
240m .538 .1 32
Time Bs 51 Qm .346
0 .016 18h .378 .121 K eacTion ou
1 dm *118 35h .384 •164 Time Pe
20m .206 6911 .388 35m .470
30m .2 5 0 60m .599
40m .286 90m .648
50m .309 120m .667
60m .328 1 50m .679
70m *340 180m .681
80m *348 240m .684
90m *359 360m .687
1 00m *334 480m .6 8 8
15  Cm .367 720m .6 8 8
200tm .368
P e i s  th e  f r a c t io n  o f  a c id  e s t e r i f i e d .
I a  i s  th e  f r a c t io n  iso m e r is e d ,fr o m  th e  in t e g r a t e d  v a lu e s *
l b  i s  th e  f r a c t io n  iso m e r ise d jfr o m  th e  a r e a s  under th e  c u r v e s*
R e a c t io n  t im e s  are  shown in  m in u te s , h ou rs or  days*
* in d ic a t e s  a d d it io n  e s t e r i f i c a t i o n  v a lu e s *
Reaction 61 Reaction 64 Reaction 67
Time lb Time Pe Time Pe Ib
0 •982* .013
15m .998* .052
60m .071 .148
120m .140 .246
180m .189 .260
240m .218 .274
330m .253 .333
450m .284 .364
840m .321 .474
23h .335 .570
52h .350 .774
72h .356 .857
149b .364
5m 
1 Qm 
17m 
20m 
30m 
40m 
60m 
90m 
i 20m 
180m 
240m 
360m 
480m 
720m
®514
.579
.615
.630
•648
.668
.679
.686
.689
.689
.688
•688
.687
.683
R eaction 62
R eaction 63
Time
1d
4d
7d
11 d 
I5d  
21 d 
28d 
40d 
53d 
86d 
128d 
234d
Pe
.520
.620
.649
.672
.681
.691
.693
.694
.695
.693
.695
.692
.022
.040
.107
.160
.214
.272
.373
Time Pe la
5m .449 .023
10m .490
15m .507
20m .516 .060
30m .525
40m .529
60m .533 .132
90m .534
120m .535
COK'*
CM•
240m .536 .400 •
360m .538 .520
480m .542 .630
720m .546 .765
lb
.011
•016 
.017 
.020  
.027
.054
6h 
1 d 
2d 
3d 
5d 
7d 
10d 
I4d  
18d 
24d 
29d 
33d 
42d 
56d 
82d 
I24d 
230d 
690d
.Oi4
.065
.109
.145
.205
.248
.291
.336
.363
.383
.392
.397
.400
.399
.395
.397
.397
.372
R eaction  65
Time
0 
1 Qm 
20m 
30m 
40m 
60m ' 
90m 
120m 
180m 
240m 
270m 
360m 
480m 
720m 
20h
Pe
0
.201
.313
.400
.439
.303
.334
.580
.597
.608
•604
•606
•606
.608
.602
R eaction 66
Time
1 d 
8d 
I7d  
28d 
54d 
55d 
82d 
11 Od
Pe
.071
.277
.396
.478
.587
.393
.665
.713
la
.001
.067
.093
.120
.154
.178
.224
.283
.364
R eaction 76
Time Pe Ib
0 .391 .025
15m .379 .041
30m •373 .060
60m .370 ■ .104
120m • 375 .146
240m •377 .284
360m •375 .361
480m .383 •444
720m • 385 .600
l8 h .401 .740
24h .405 .706
36h .411 .822
48h .415 .917
60h .420 .938
72h .424 .959
96h •426 .974
R eaction 81A
Time Pe Ib
300m .234
465m .341
51 Qm .352
615m .394
720m .436
930m .490
990m .500
I8h .522 .145
Te i s  the  f r a c t io n  of ac id  e s te r i f i e d
l a  i s  the  f r a c t io n  isom erised , from the  in te g ra te d  v a lu e s .
Ib  i s  the  f ra c t io n  isom erised , from th e  a reas  under the cu rv e s .
R eaction tim es are  shew nilrm inutes, hours or days.
♦ in d ic a te s  a d d itio n  e s te r i f i c a t io n  v a lu e s .
Table 3*2<>5. (continued)
Reaction 81B Reaction 87 Reaction 91
Time Pe Xb
0 .239 .010
5m .356 .020
15m .361 .058
3Qfli .363 .092
60m .362 .194
120m .366 .348
240m .352 .625
36cm .324 .786
480m .311 .869
720m .292 .937
24b .235
Time Pe Xb Time Pe lb
0
1b 
2h 
4h 
6h 
8h 
1 2h 
l8 h  
24b  
36h
48b 
59b 
72h 
96h 
120h
.619 
.608 
0610 
.608 
.611 
.611
.615
e 6l 2
. 612 
.613
.625 
.624  
*618 
•640 
.617 
• 64O
R eaction 86A
Time
I4d  
53d 
11 Od 
37Od
Pe
T673"
.656
.611
.522
R eaction 86B
Time
14d 
33d 
110a 
37 Od
Pe
.691
.666
.617
.523
.205
.226
.242
.313
.308
.333
.394
.499
.628
.658
.742
.770
.885
.927
.953
.956
lb
.962
.980
lb
.979
.972
0 
15m 
30m 
60m 
120m 
240m 
360m 
480m 
720m 
l8 h  
24b 
36h 
48h 
60h 
72h
96b
144b
192h
.014
.177
.257
.326
.350
.363
.360
.377
.383
.394
.396
.400
.410
.403
.409
.421
.426
.405
R eaction 88
Time
0
15m 
30m 
60m 
120m 
240m 
360m 
480m 
720m 
l8 h  
24b 
36b
48h 
60b 
72b 
96h 
144b 
192m
Pe
.049 
.186 
.269
.327
.360
.370
•445
.380
.388
.384
.394
.876
.923
.417
.411
.420
•421
.422
.009
.107
.146
.171
.269
.372
.434
.509
.599
.720
.788
.890
.934
.953
.976
.979
.979
.982
lb
.015
.086
.131
•169 
.242 
.341 
.439 
.506 
.627
.724
.790
.875
.925
.967
.963
.977
.982
.984
R eaction 92
Time Xb
0 .077
1h .094
2b .114
4b •144
6h .169
8b .192
12h .242
l8 h .289
24b .350
36h .445
47b .489
60h .561
96h .725
144b .859
R eaction 93
Time Pe lb
0 .390 .049
30m • 371 .093
60m .368 .142
12Cton .368 .182
240m .370 .289
360m .371 .395
480m .375 .454
720m .381 .588
18b .386 .704
24b .394 .773
36h .395 .867
48b .400 .918
72h .417 .961
96h .415 .974
144b •434 .984
Pe i s  the f r a c t io n  o f ac id  e s te r i f i e d .
I a  i s  th e  f ra c t io n  isom erised , from th e  in te g ra te d  v a lu e s .
Xb i s  the f r a c t io n  isom erised , from the areas under th e  cu rv e s .
R eaction tim es are  shown in  m inutes, hours o r days.
■# in d ic a te s  ad d itio n  e s te r i f i c a t io n  v a lu e s .
Table 3 * 2 * 5 *  (continued)
Reaction 94 Reaction 101 Reaction 104B
Time Pe lb
0 .500 .003
5m •460 .013
1 Qm .489 .029
15m .506 •044
30m .525 .087
60m .534 .140
1 20m .535 .240
240m .539 .405
36Cto .540 .541
480m .542 .613
720m .545 .723
19b .547 . 816
24b .549 .899
36h .552 .941
48h .558 .963
60h .555 .980
75b .557 .976
118h .560 .982
Time Pe lb Time l a
R eaction  95
Time
0 
60m 
1 20m 
240m 
360m 
480m
630m
720m 
18h 
24b 
36h 
48h 
72h 
6d 
8d 
I 0d 
12d 
l 8d
Pe
.589
•373
.370
.367
.370
•373
• 373
• 374 
.376 
.366 
.378 
.387 
.388 
.399 
.410 
.419 
.421 
.432
R eaction 96
Time 
7d 
14d 
21 d 
28d 
59d
Pe
.440
.540
.575
.594
.620
lb
.028
.043
•O64
.103
.137
.170
.213
.235
.317
.382
.478
.552
.672
.858
.918
.945
.965
.984
0
2h 
4b 
8h 
12h 
24b 
51b
96b
144b
198h
244b
292h
340b
•379 
.371 
.367 
.367 
.368 
.371 
.371 
.376 
.37 6 
.386 
.391 
.393 
.424
.020
.030
.043
.055
.072
.114
.199
.313
.436
•511
.583
.628
.693
R eaction 102
Time
30m 
45m 
60m 
90m 
1 20m 
150m 
180m 
240m 
270m 
330m 
375m 
465m 
540m 
600m 
720m 
780m 
17b 
21 h
Pe
.047
.109
.142
.224
.290
.321
.416
.486
.534
.590
.642
.680
.722
.755
.789
.803
.816
.821
R eaction 1Q4A 
Time Xb
0 .070
35m .128
60m .178
120m .246
240m* .390
360m *515
480m .563
600m .669
12h .692
15b ' .753
18h .825
24b  .878
48h .951
67h .972
144b .978
236h .977
0
15m
30m
60m
•O61
.150
.212
.281
R eaction 105
Time Pe lb
0 .594
2h .585 .040
4b .581 .067
8h .581 .122
12b .573 .187
24b .557 .315
36h .565 .504
48h .560 .573
66h .546 .709
96h .554 .754
144b .54-3 .857
236h .534 .959
R eaction 106
Time Pe l a
0 .362
5m .350
15m •345 .083
30m .351 .148
60m .357 .261
90m .357 .368
120m .362 .437
180m .362 .542
240m .362 .552
360m .387 .771
480m .385 .840
600m .393 .895
720m .392 .910
915m .390 .960
l8 h .387
24b .393
48h .392
72h •393
Reaction 107 Reaction 113 Reaction 120
Time Pe la Time Pe l a Time Pe l a
7 o55"
•137
.215
•376
•441
.530
.617
.693
.777
.825
.856
.901
.945
.955
.982
.985
0 
60m 
1 20m 
240m 
360m 
480m 
750m 
18h 
24b  
36h 
48h 
72b 
96h 
1 20h 
144b 
192b
.375
.336
.333
.330
.327
.329
.332
.342
.343
.348
.349
.350
.350
.349
.354
.364
R eaction  110
.038 
.062 
.121  
.157 
.194 
.284 
.402  
.460 
.598 
.686 
.804 
.875 
.912 
.929 
.9 66
0
120m 
240m 
360m 
480m 
750m 
18h 
24b  
36b 
48b
72h
96h
144b
192h
288h
384b
480h
.385
•339
.323
.319
.320
.316
.320
.311
.321
.320
.321
.322
.332
.321
.304
.316
.314
Time Pe l a
8h .367 .517
8h .368 .508
8h .366 .506
8h .364 .515
R eaction  111
Time Bs
I d .101
I5 d .183
24d .236
43d .293
73d .322
282d .358
R eaction  112
Time Pe l a
0 .340
2m .333 .029
5m ,, .328 .038
10m •331 .072
15m .331 .183
30m .318 .192
60m .325 .291 •
1 20m .332 .391
240m .341 .546
480m .352 •713
720m .357 .812
l 8h .362 .874
24b .358
36h .364
48b .362
96h .366
216h .351
R eaction 116
Time
0
2h 
4b 
6h 
8h 
10h 
1 2h 
14b 
I7h 
19b
R eaction 117
Time
2h 
4b 
6h 
8h 
I0h  
12h 
15b 
20h 
41 h 
54b 
63h 
87b 
102h 
120h 
141b 
160h 
I72h
Pe
.095
.137
.170
.193
o212
.236
.302
.330
.401
.457
.489
.537
.574
.603
.654
•666
.678
.029 
.062 
.073 
.104 
.150 
.212 
.27 6 
.348 
•440 
.540 
.624
.834
.907
.955
.973
l a
.198
.294
.343
.396
.455
.539
*570
.619
.632
.617
0 
2m 
5m 
10m 
15m 
30m 
60m 
120m 
240m 
36Q31 
480m 
720m 
l8 h  
24b  
36h 
48h 
60h 
72h 
96h 
144b 
I92h
. 988*
.006
.029
.067
.096
.153
.220
.282
.332
.330
.337
.343
.348
.352
.355
.362
.364
.369
.365
.360
.364
R eaction  122
1 2 ^
3%
Cone Time 
” Sd 
12d 
25d
R eaction  124
Time
0 
15m 
30m 
60m 
120m 
240m 
360m 
480m 
720m 
l8 h  
24b  
36h 
48h 
72h 
96h
Pe
.350
•337
.338
.342
.343
.352
.359
.367
.376
.386
.391
.399
.401
.403
.408
l a
.509
.479
.491
lb
.074
.085
.085
.124
.168
.256
.352
.419
.531
.694
.778
.887
.954
.962
.975
Tapj.e ^continued;
Reaction 125 Reaction 127 Reaction i 3i
1^/o c a ta ly s t
Time Pte
0 .401
15m .377
30m .370
45m .369
60m • 3^1
75m .364
90m .363
Time Bs Time Pe I a
0 .398
15m .401
30m .406
60m .407 .045
120m .409 .127
240m .428 .219
360m .426 .307
480m .429 .373
720m •¥i-9 .480
19b .425 .645
25h •43V .728
36h .436 .842
48h .437 .908
72h .441 .968
96h .481
30m .047
60m .083
120m •148
180m .188
240m .227
360m .276
48 &n •311
720m .348
920m .367
20h .376
24h .383
42h .391
70h .391
168h .386
31 2h .378
77d .327
R eaction  126
R eaction 151
Time Pe Ib
0 .031 .037
15m .097 .131
30m •148 .182
60m .208 .212
120m .267 .305
240m .312 .405
380m .330 .465
480m .343 .514
720m .359 •610
18h .371 .715
24b .382 .733
36h .388
48h .394
60h .396
72h .400
96h .404
I46h .407
192h .405
264h .402
384b .398
0c/o c a ta ly s t
c a ta ly s t
Time Pe I a
0 .395
60m •379 .079
120m .381 .149
180m .386 .177
240m .389 .257
300m .387 .312
360m .384 .357
4/o c a ta ly s t
Time Pe Ia
0 .394
40m .378 .087
88m .377 .165
120m .366 .224
160m .370 .318
200m .353 .386
240m .361 .430
Time Pe l a
0 •397
20m .375 .078
40m .371 .128
60m .364 .177
80m .364 .234
100m .378 .303
120m .356 •352
l a
.065
.114
.189
.256
.293
.365
2fo c a ta ly s t
Time Pte I a
0 .404
1 Qm .372 .059
20m .370 .104
30m .366 .149
40m .365 .201
50m .370 .244
60m .361 .294
3% c a ta ly s t
Time 
0 
1 Qm 
20m 
30m 
40m 
50m 
65m
Pe
.404
.374
.367
.369
.363
•357
.357
l a
• 064
• 1 30 
.208 
.269 
.328 
.419
R eaction 131B
Time I a
60m .099
1 20m .187
180m .278
240m .359
300m .449
360m .520
R eaction  1 32
Time
o
8h 
21 h 
32h 
6ifh 
128h
l a
.347
.462
.581
.685
.801
.962
Pe i s  the f ra c t io n  of ac id  e s te r i f i e d .
I a  i s  th e  f r a c t io n  isom erised , from the  in te g ra te d  v a lu e s .
Ib  i s  the f ra c t io n  isom erised , from the  areas under th e  curves
R eaction tim es are shown in  m inutes, hours o r days.
* in d ic a te s  ad d itio n  e s te r i f i c a t io n  v a lu e s .
xtxuj-G yuuuuiuncu;
Reaction -1 32B
Time Ia
Reaction 139
Time Pe
0 .010
15m .153
30m .255
60m •383
120m .490
240m .547
360m .556
495m .560
720m .560
18h .565
22fh .560
36h .560
48h .567
60h .562
72h .567
96h .570
144h «580
I93h .578
Ia
Reaction 142
Time Pe
0 .011
20h .069
43h d  07
• 69h .146
93h .172
I4 lh .223
191^ .256
238h .287
307h .320
409h .348
528h •372
0 . 06fo c a ta ly s t
Time Pe
30m .018
I7h •140
44h .219
67h .258
1l5h .308
166h .337
212h .350
288h .369
38*ii .382
0 .11# c a ta ly s t
Time Pe
42m •033
192m .074
385m .110
25h .217
74h •313
I43h .356
244h .380
360h .391
0.27% c a ta ly s t
35m .038
135m .079
265m .1 21
405m .153
23h .258
73h .350
I43h .381
2h
hh
6h
8h
.474
.493
•349
.608
.665
R eaction 133
Time
0
8h 
21 h 
32h 
64h 
128h
l a
.4.O4
•439
.520
•591
.693
.841
R eaction  134
Time
0
8h 
21 h 
32h 
64h 
128h
Ia
.052
.207
.320
-.444
.608
•798
R eaction 1 35
Time
“ U~ 
8h 
21 h  
32h 
48h 
64h 
72h 
128h
l a
.101
.141
.224
.290
.334
.440
.447
.594
R eaction 135B
Time
2h
4h
6h
8h
Ia
.140
•179
•245
.270
.059
.091 
.132 
.168 
.2*4
.310
.397
.486
.640
.727
.785
.900
.910
R eaction  140
R eaction 141 
T i m e _______ Ia
0 . _ ' .007
34m .016
60m .022
95m .024
120m • .040
180m .064
Time . Pe
0 .080
5d .185
14a . .3 6 2
22a .451
32a .509
42d .538
54a .557
125a .582
R eaction 140B
Time Pe I a
2h .550
4h •556 .107
6h .554 .147
8h .558 .188
12h .557 .280
18h .561 .375
23h .562 .459
36h •563 •615
48h .558 .714
72h •562 .827
R eaction 142
0 , 62% c a ta ly s t
Time
25m
85m
155m
225m
300m
36Cto
420m
23h
73h
I74h
Pe 
.062  
.1 0 8  
.146  
.1 7 9  
.200  
.218 
.232  
.329  
.389 
.3 9 2
1 % c a ta ly s t
Time 
32m 
124m 
217m 
304m 
392m 
2*h 
50h 
122h 
220h 
320h 
50*li
Pe 
.051 
.161 
.216 
.2 5 5  
.270 
.367 
.392  
.398  
.396
.393
.398
R eaction 143
Time
10n 
20m 
40m 
80m 
1 20m 
240m 
360m 
480m
R eaction 144
Time
60m 
120m 
200m 
300m 
420m
Ia
.070
.141
.216
.302
.3 5 3
.5 0 3
•614
.676
I a
7 o * r
.0 8 7
.1 4 0
.2 1 4
.306
R eaction 147
Time
“THE"
5d
121
19a
26a
33a
43a
60a
154a
Pe
.73?*
.0 3 5
.106
.1 4 7
.1 7 7
o192
.216
.236
I a
.510
.503
.4 9 7
.531
.528
.551
.552
.598
R eaction 152
Time
22h
46h
72h
97h
7a
11a
15a
25a
42a
57a
74a
Pe
T 3 7 ^
. 862*
.980*
.0 6 4
.072
•115
•140
.180
.221
.280
Ia
.273
.3 8 3
.4 2 4
.480
.4 7 3
.508
.5 5 3
.5 3 5
.5 6 3
.5 7 5
R eaction 1 56
Time
— 5T 
7d 
1 4 a  
18a  
2 5 a  
29a 
4 7 a  
63a  
125a
Pe
.119
.204
I a
7T3T
.252
.311
.327
•334
•337
.3 4 4
.3 7 7
.4 2 4
R eaction 158
Time
1 Gm 
15m 
20m 
30m 
40m 
50m 
60m 
75m
Pe
.129  
.177  
.210  
.257  
.288 
.3 1 0  
.327  
• 339
R eaction 159
Time
13a
33a
5 4 a
96a
Pe
.963*'
l a
055"
.367
.404
.430
R eaction 163
Time
15m 
30m 
60m 
120m 
240m
Pe
7 3 5 ^
.8605*
.8825*
.90**
.939"
I a
.003
.011
.026
.066
•144
R eaction 166
Time 
15m 
30m 
60m 
120ra 
240m
Pe
7202“
.2 7 5
.3 3 9
.3 7 4
.388
I a
.076
.1 3 9
.200
.300
R eaction 167
Time
— CT”
15m 
30m 
6 Qm 
120m 
180m 
16h 
93h
Pe
7003“ 
.046  
.092  
.1 3 4  
.1 9 3  
.2 2 4  
.3 0 4  
.283
I a
“7207“
•667
.718
.7 9 3
..8 3 8
.8 3 9
.9 8 3
Pe i s  the  f ra c t io n  of ac id  e s te r i f i e d .
Ia  i s  the f ra c t io n  isom erised , from th e  in te g ra te d  v a lu e s .
Ib  i s  th e  f ra c t io n  isom erised , from th e  a reas  under th e  cu rv e s .
R eaction tim es are  shown in  m inutes, hours or days.
* in d ic a te s  ad d itio n  e s te r i f i c a t io n  v a lu e s .
The chem ical s h i f t s  of th e  p ro tons of the  -OH groups in  th e  samples
examined have been om itted  from the  r e s u l t s .  This i s  because th e
p o s it io n  of th e  peaks i s  v ery  s e n s it iv e  to  tem perature , c o n ce n tra tio n ,
and so lv e n t. The hydroxyl p ro tons of a lco h o ls  u su a lly  occurred  a t
4 -6  ppm, w hile th o se  of carboxy lic  ac id  groups occurred a t  12-10  ppm,
Products or m ixtures con tain ing  bo th  hydroxyl and carboxy lic  a c id  groups
gave a  s in g le  peak a t  an in te rm ed ia te  p o s it io n .
A ll chem ical s h i f t s  in  t h i s  th e s is  are  quoted by re fe re n c e  to  th e
in te rn a l  s tan d ard  te tra m e th y l s ila n e  (TMS), using  th e  d e l ta  ( s )  sca le
where th e  chem ical s h i f t  o f  TMS = 0 . Where a c tu a l sp e c tra  a re  produced,
th e  sca le  i s  c a l ib ra te d  in  ta u  (“v) where = 10-S. The u n iv e rs a l
convention i s  th a t  th e  h igh  f i e l d  end of th e  spectrum i s  always to
th e  r ig h t ,  i . e .  th e  TMS peak w i l l  be to  th e  r ig h t .
3.3*1. E thylene g ly co l re a c tio n
A ddition e s te r i f i c a t io n
The n .m .r .  sp e c tra  of the  g lyco l/anhydride  ad d itio n  e s t e r i f i c a t i o n
re a c ta n ts  ana p roducts were measured in  20% so lu tio n  in  acetone on th e
RIO n .m .r . spec trom eter. The chem ical s h i f t s  of th e  v a rio u s  ty p es  of
p ro ton  a re  g iven  below in  Sppm:
ethy lene g ly c o l -CH^- 3*60
m aleic anhydride =CH- 7*28
g ly c o l b is(H  m aleate) =CH- 6.38
g ly c o l mono(H m aleate) -CO^-CHg- 4 .4 -4 .1  m u ltip le t
main peaks t r i p l e t  4 .2 4  J=5*Hz
-CHg-OH 3 *9“3 *6 m u lt ip le t
main peaks t r i p l e t  3*76 Jn5*Hz
=CH- 6.38
In  acetone so lu tio n , due to  the  presence of a c id , much of th e  f re e  
g ly c o l re a c te d  w ith  acetone to  produce th e  c y c lic  k e ta l ,  2 , 2-d im eth y l-1 , 
3-d ioxo lan  (-CHg- 3 .87 , 1 . 28) .
The ’’s t ic k  diagram" sp e c tra  of th ese  compounds and a  ty p ic a l  
f i n a l  r e a c t io n  product a re  shown in  S p ec tra  1-6 (page 9 6 ) .  The pure 
g ly c o l mono(H m aleate) and the  dioxolan were no t i s o la te d  bu t th e i r  
presence was d e tec ted  in  th e  re a c tio n  p ro d u c ts . The a c tu a l  spectrum 
o f a re a c tio n  product i s  shown in  F igu re  3*3 Thus, s o le ly  from th e  
sp e c tra  i t  was p o ss ib le  to  determ ine th e  % o f m aleic anhydride re a c te d , 
and th e  r e la t iv e  p ro p o rtio n s  of mono- and d i -  e s te r i f i e d  g ly c o ls .
The 100 MHz sp e c tra  were b a s ic a l ly  as above except th a t  th e  
non-equ ivalen t methylenes of th e  m onosubstitu ted -g lyco l were more 
n e a r ly  t ru e  t r i p l e t s  and th e re  was no overlap  between th ese  and the 
m ethylenes of g ly co l and g ly co l d ie s te r s  (see in s e t  in  F igure 3*3*1 )•  
Condensation E s te r i f ic a t io n
Condensation e s te r i f i c a t io n  of th e  g ly co l monomaleate r e s u l te d  
in  a  red u c tio n  in  th e  s tre n g th  of th e  -CH^- s ig n a l of the  mono e s te r  
(*..*, - 3 . 6) and an in c rease  in  th e  -CH^- of d i e s t e r i f ie d  g ly c o l (4 *40)* 
M aleic a c id  which i s  a lso  produced during th e  re a c tio n  a lso  has i t s  
-CH= ab so rp tio n  a t  6 .3 8 .Spectrum 7 (page 97) shows a 50% e s t e r i f i e d  
g ly c o l m alea te .
Iso m erisa tio n
The iso m erisa tio n  was measured by th e  lo s s  of =CH- m aleate a t  
6 .4  and th e  form ation of fum arate a t  6 .8 . Three fum arate peaks were 
d e te c te d , th ese  were d ie s te r  a t  6 . 84 , m onoester a t  6 .78 , and fum aric 
a c id  a t  6.74*
Iso m erisa tio n  a lso  a f fe c te d  th e  methylene ab so rp tio n . Three types 
o f g ly c o l d ie s te r  were d e tec te d , th e se  were g ly co l b is(m alea te )  a t  4 *4 0 , 
g ly c o l m aleate fum arate a t  4*45, and g ly c o l b is  (fum arate) a t  4 *5 0 *
The “CHg- m u ltip le ts  of g ly c o l m onesters were a lso  s h if te d  to  lower 
f i e l d  by about 0.05ppm. In  th is  c a se , th e  m u ltip le ts  of the  p a r t i a l l y  
isom erised  products were poorly  re so lv e d  due to  the  overlap  of m aleate 
and fum arate peaks. Spectrum 8 (page 97) shows a 50% e s t e r i f i e d ,  50%
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The assignm ent of th e  v ario u s  peaks are  summarised below in  Table 3
TABLE 3.3.1
Bond S E D esignation
=CH- Fumarate D ies te r 6 .8 4
=CH- Fumarate Monoester 6 .78
=CH- Fumarate Acid 6 .74
=CH- M aleate D ies te r 6 .42
=CH— M aleate Monoester 6 .38
=GH— M aleate Acid 6 .38
-ch2- D ie s te r Fumar a t  e/Fumar a t  e 4 .5 0
-CHg- D ies te r Fum arate/M aleate 4.45
-CH2- D ies te r M aleate/M aleate 4*40
-ch2- Monoester Fumarate 4*29 and
- ch2- Monoester M aleate 4 .2 4  and
-ch2- G lycol 3.60
S pectra  in  Methanol
Methanol was o f te n  added to  acetone so lu tio n s  to  move th e  -OH peak
w e ll away from =CH- peak. The methanol a lso  moved the  =CH- peaks
s l ig h t ly  to  h igher f i e l d ,  th e  displacem ent being g re a te r  fo r  m aleic a c id
th an  m aleic m onoesters. This made i t  p o ss ib le  to  d e te c t th e  presence o f
m aleic a c id  in  m ix tu res . A ccurate e s tim a tio n  of th e  amount of m aleic 
a c id  was no t p o ss ib le  due to  th e  c lo sen ess  of th e  two a b so rp tio n s . The
se p a ra tio n  of the peaks was fu r th e r  in c reased  by th e  use o f pure m ethanol
as the  so lv e n t. However, t h i s  was only  p o ss ib le  in  a  l im ite d  number o f
cases due to  the low s o lu b i l i ty  of th e  d ie s te r s  in  m ethanol. The use o f
m ethanol as a  so lven t had a  more pronounced e f fe c t  on th e  fum arate
a b so rp tio n s . Three d ie s te r  and two monoester peaks were form ed. The
th re e  d ie s te r  peaks were a t t r ib u te d  to  b is(2 -h y d ro x y eth y l) fum arate in
which none, one or both  of the  -OH groups had been e s t e r i f i e d .  S im ila r ly ,
th e  two peaks o f th e  monoester were a t t r ib u te d  to.mono (2-hydroxyethyl)
fum arate in  which th e  -OH group was e i th e r  e s t e r i f i e d  o r u n e s te r i f ie d .
Comparison of th e  60 and 100 Mis sp e c tra  showed th a t  th ese  peaks were
n o t due to  coupling . The assignm ents were confirm ed to  some e x te n t by
 J. J  l_? ii i . • ; i
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th e  sp e c tra  of condensation products made using  excess g ly c o l,  the  
r e l a t iv e  in te n s i t i e s  of th e  peaks being as expected* The assignment 
of peaks i s  shown in  Table 3*3*2 below, and th e  peaks in  F igure 3*3*3*
TABIB 3*3*2 
M aleate Fumarate
Solvent D ie s te r  Monoester Acid D ie s te r  Monoester Acid
Acetone 6 .42 6.38 6.38 6.85 6.78 6 .7 4
A cetone/m ethanol 6.38 6 .3 5 6 .3 4 6 .8 2 6.78 6 .7 5
Methanol 6 .4 0 6 .3 4 6.31 6.89
6 .8 7
6 .8 5
6 .8 2
6 .7 9
6 .7 4
S p ec tra  in  D^ O.
F or s p e c tr a  o f  s o lu t io n s  in  a c e to n e  or m eth a n o l, t h e  s in g le  =CH- 
a b s o r p t io n s  o f  m a lea te  m on oesters  in d ic a t e d  th a t  th e  two hydrogen  atom s 
w ere m a g n e t ic a l ly  e q u iv a le n t .  The spectrum  o f  g l y c o l  b is (H  m a le a te )  i n  
w a te r , how ever, shows th e  hydrogen a s  b e in g  n o n -e q u iv a le n t  and a  t y p i c a l  
AB q u a r te t  was o b ta in e d  w ith  rCH-COgR a t  6 ,5 3  and =GH-CO^Et a t  6*37  
and w ith  J=12 Hz* W ith s o lu t io n s  o f  g l y c o l  m a le a te , th e  p r e se n c e  o f  
b o th  th e  mono- and b is ( m a le a t e s )  was d e t e c t e d  (mono(H m a le a te )  a t  
6*51 and 6*41 w ith  J=12 H z ) . T hese p eak s a re  shown in  F ig u r e  3*3*4*
Only a  l im ite d  number of products could  be ru n  in  w a te r due to  th e  low 
s o lu b i l i ty  of d ie s te r s .
S pectra  in  the  presence of amines
The a d d itio n  of trie th y lam in e  to  so lu tio n s  of products had two 
e f f e c t s ,  ( i )  The p o s it io n  of th e  m aleate peaks was d isp laced , and 
( i l ) ,  th e  s in g le  m aleate monoester peak was s p l i t  to  g ive  an AB q u a r te t .  
T h is technique could  be used on acetone or D^O so lu tio n s  o f m a lea te s , 
b u t was of p a r t ic u la r  in te r e s t  in  th e  case of ace tone , because of th e  
s o lu b i l i ty  of a  w ider range of p roducts in  t h i s  so lv e n t. The e f f e c t  
of amine on th e  chemical s h i f t  was f i r s t  examined w ith  a c e t ic ,  m a le ic , 
and fum aric a c id s .
P i  g a r©  3 .  3 J 3 .
acetono s o lu t  i  on
fum arate m aleate
_ L
p ra c e to n e /m e th a n o l; s o lu t io n  ! j  ;
T~f— m alea tefum arate
□
r r
. J J
iahoT s o lu t io n
fum arate m aleate
wixn a c e tic  a c ia  in. w a te r, tn e  peaic was sh ix te d  up i i e l d  v/hen
t r i e  th y  lamine was added to  the so lu tio n . The maximum s h i f t  ob tained  
was 0.18 ppm u p f ie ld  and corresponded to  n e u tr a l is a t io n  of the  ac id  
by the amine. Y/ith fum aric a c id , a maximum s h i f t  o f 0.33 PPm was o b ta in ed , 
fo r  th e  =CH- group and corresponded to  n e u tr a l is a t io n  of bo th  a c id  
g roups. The u p f ie ld  s h i f t  fo r  th e  =CH- group of m aleic a c id  was 
0 .0 3  ppm, bu t in  th is  case th e  presence o f two carboxyl groups could 
be d e te c te d . N e u tra lis a tio n  of th e  1 s t produced a s h i f t  of 0.09 ppm 
and th e  second, a  s h i f t  of 0 .4 1  ppm.
T i t r a t io n  of a  m aleate monoester (g lyco l b is(H  m alea te)) produced 
an u p f ie ld  s h i f t  of 0.34- ppm fo r  th e  =CH- a ttach ed  to  th e  a c id  group 
bu t a  dow nfield s h i f t  o f 0 .04  ppm f o r  the  o th e r =CH- group. The f i e l d  
s h i f t  t i t r a t i o n  curves f o r  th e  groups ad jacen t to  the  -CO^H groups are  
shown in  F igure 3*3«5, and th e  a c tu a l  peaks o f the  monoester in  F igure  
3 * 3 Not i ce th a t  the  m aleate m onester co n ta in s  a  sm all amount o f 
m aleic ac id  as an im purity . This i s  not d e tec ta b le  a t  th e  s t a r t  and 
end o f,.ihe t i t r a t i o n  b u t i s  d e te c ta b le  a t  an in term ed ia te  s ta g e .
S im ila r, bu t s l ig h t ly  sm aller (about 30^) s h i f t s  occurred  when th e  
t i t r a t i o n s  were c a r r ie d  out using  acetone s o lu tio n . The a c tu a l  curves 
f o r  g ly c o l b is(H  m aleate) a t  s e v e ra l s tages during th e  t i t r a t i o n  are  
shown in  F igure 3*3*7» N otice in  t h i s  case th a t  b e f ore th e  a d d itio n  o f 
amine th e re  was only  "one =CH~ peak. The change in  th e  p o s it io n  o f the  peaks 
was due to  the form ation  o f -CO^ ions from th e  -CO^H groups. The 
coupling co n stan t fo r  the two =CH- groups J  = 12 Hz, was no t a f fe c te d  
by t h i s  p ro cess .
The ad d itio n  of amine d id  not s u b s ta n t ia l ly  a f fe c t  th e  p o s it io n  of 
=CH- peak o f m aleate d ie s te r s  which tended to  overlap  th e  =CR- n ex t to  
e s te r i f i e d  -CO^H groups in  the  m aleate m onester. The main u se fu ln e ss  
o f t h i s  technique was th a t  o f  d e tec tin g  f re e  m aleic a c id  and in  measuring 
th e  r e la t iv e  p ro p o rtio n s of m aleic a c id , m onester and d ie s te r  in  m ix tu re s . 
F igure 3*3-8 shows th e  e f f e c t  of adding amine to  such a  m ix tu re .
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S im ila r changes occurred  in  chem ical s h u t s  wnen amine was aaaeu. 
to  p a r t i a l l y  e s te r i f i e d  fum arate e s te r s .  These were no t examined in  
d e ta i l  as th e  r e la t iv e  p ro p o rtio n s  of fum aric a c id , m onoester, and 
d ie s te r  could "be ob ta ined  w ithout the  ad d itio n  of a b ase . The ad d itio n  
o f th e  amine to  acetone or so lu tio n s  d id  n o t produce h y d ro ly s is  of 
th e  product during th e  time taken  fo r  th e  experim ent.
3 .3 «2. Propylene g ly c o l re a c tio n
The n .m .r . spectrum of propylene g ly c o l was much more complex 
th an  th a t  of e thy lene g ly c o l * In  propylene g ly c o l th e re  a re  th re e  types 
o f p ro to n  a ttach ed  to  carbon* m ethyl, m ethylene, and m ethine, and th ese  
produce an ABMX system . The s ig n a l from th e  m ethyl p ro tons i s  s p l i t  
by th e  s in g le  methine pro ton  and appears as a  doublet a t  1.08 S (J  = 6 Hz) . 
The two pro tons of th e  methylene group are  non-equivalen t bu t have a 
s im ila r  chem ical s h i f t .  They couple -with each o th e r to  form an AB 
q u a rte t (J  = 12 Hz) • These peaks are  fu r th e r  s p l i t  by th e  s in g le  
methine hydrogen (J  = 6 and 8 Hz) to  g ive  a  m u ltip le t  having th re e  or 
fo u r main peaks (depending on the  so lv en t) a t  about 3 *5-3 *3 S. The 
s in g le  methine hydrogen g iv es  a s ig n a l v/hich i s  s p l i t  by the m ethyl 
and methylene hydrogens to  g ive a broad m u ltip le t con ta in ing  e ig h t or 
more re so lv ab le  peaks a t  4 *1-3  .5 S.
A ddition and condensation e s te r i f i c a t io n  of th e  g ly c o l a l te r e d  
th e  p o s it io n  of the peaks and gave a  u s e fu l method of fo llow ing th e se  
r e a c t io n s .  As expected, e s te r if ic a t io n  of one -OH group had a  g r e a te r  
e f f e c t  on th e  ab so rp tio n  of p ro tons a t  th a t  end of th e  molecule th an  
i t  d id  on th e  o ther p ro to n s . Although i t  was no t p o ss ib le  to  id e n t i fy  
a l l  th e  in d iv id u a l p roducts, the assignm ents g iven  in  Table 3*3*3* are  
thought to  be c o r re c t .
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TABLB 3*3*3*
P o s itio n  Assignment
1 . 2- 1 .1  u n e s te r  i f  ie d  g ly c o l
1 .3 -1 .2  prim ary -OH e s te r i f i e d
1 .4 -1  *3 secondary -OH e s te r i f i e d
3 *5“3*3 u n e s te r i f ie d  g ly c o l
3*7-3*5 secondary -OH e s te r i f i e d
4*2-4*0 prim ary -OH e s te r i f i e d
4.4-4*2 bo th  -OH e s te r i f i e d
4*1-3 *5 secondary -OH u n e s te r i f ie d
5 .5-4 *9 secondary -OH e s te r i f i e d
1
Due to  t$ e  overlapping of th e  v a rio u s  -CH^- and -OH- peaks, th e
amount o f secondary -OH e s te r i f i e d  was ob ta ined  b y  a  comparison of th e
1 1
-CH- a t  3*5-4*9 w ith  th e  -CH- p lu s  -CH^” a t  4*4“3*2. When acetone
was used as a  so lven t th e  peaks were fu r th e r  com plicated by the
form ation  of 2 , 2 ,4 - t r im e th y l - l ,3-d ioxo lan , which was d e te c te d  by the
in c reased  com plexity of th e  m ethyl ab so rp tio n s . The sp e c tra  of
propylene g ly c o l, a  propylene g ly c o l m aleate m ixture and propylene r
g ly c o l b is(H  m aleate) are  shown diagrammatic a l ly  in  S pectra  9~H
(page 9 7 ) .  Iso m erisa tio n  of th e  m aleate groups d id  no t s u b s ta n t ia l ly  a f f e c t  the
sp e c tra  of the  g ly c o l re s id u e s .
The m aleate -CH= groups of propylene g ly c o l mono and b is(H  m aleate)
gave r i s e  to  two overlapping AB q u a r te ts  when in  D2O and two s in g le
peaks when in  acetone so lu tio n . This was assumed to  be due to  two
ty p es  of m aleate m onoester. The acetone peaks were assigned  to :
m aleate e s te r i f i e d  by prim ary a lco h o l: 6.38
and m aleate e s te r i f i e d  by secondary a lco h o l 6*35
( c . f . e thy lene g ly c o l hydrogen m aleates 6 . 38)
As e s te r i f i c a t io n  proceeded the  peaks broadened dow n-field  due to  th e  
form ation of m aleate d ie s te r s  •
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occurred  as  two peaks corresponding to  the  two types of fum arate 
m onester:
fum arate e s te r i f i e d  by prim ary a lco h o l: 6.78
and fum arate e s te r i f i e d  by secondary a lco h o l: 6.76
As iso m erisa tio n  and e s te r i f i c a t io n  con tinued , d ie s te r  peaks were 
formed dow n-field  ( a t  6*83 and 6.81) and a  fum aric a c id  peak was 
formed u p - f ie ld  ( a t  6 .73 ) .  The m aleate and fum arate  peak s  a t  an e a r ly  
and l a t e  s tage  of the  iso m erisa tio n  are shown in  F igure 3*3*9•
3*3*3* Hexamethylene g ly c o l re a c tio n
Using n.m .r* i t  was p o ss ib le  to  d is t in g u is h  between th e  te rm in a l 
and non-term inal m ethylenes of h e x a n -l,6- d io l .  The te rm in a l m ethylenes 
peak was s p l i t  by the  ad jacen t protons to  g ive  a t r i p l e t  a t  3*56 ( j  = 6 Hz) 
w hile th e  non-term inal m ethylenes gave a broad  unresolved  peak a t  
1 .8 -1 .2  . E s te r i f ic a t io n  of th e  g ly c o l produced a  new t r i p l e t  from the  
term inal, m ethylenes a t  4*15 (J  = 6 Hz) w ithout n o tic e ab ly  a f fe c tin g  th e  
non-term inal m ethylenes. I t  was thus easy  to  determ ine th e  % o f a lco h o l 
e s te r i f i e d ,  bu t i t  was no t p o ss ib le  to  d is tin g u ish  between g ly c o l mono- 
and d ie s te r s .  Iscm erisa tio n  produced a  new te rm in a l methylene t r i p l e t  
a t  4*10 (J  = 6 H z). The.m aleate and fum arate =CH- peaks from so lu tio n s  
in  acetone and in  acetone/m ethanol were s im ila r  to  those  p rev io u s ly  
d escribed  f o r  e thy lene g ly c o l e s te r s .  Spectrum 12 (page 97) shows a  
p a r t i a l l y  e s te r i f i e d ,  p a r t i a l l y  isom erised  hexamethylene g ly c o l m alea te . 
3 . 3 . 4 . 2 ,3  bu ty lene g ly c o l re a c tio n
The spectrum of b u tan -2r3"diol was com plicated by th e  p resence o f 
isom eric form s. The m ethyl groups gave a m u ltip le t  a t  I . 3-O.9  
c o n s is tin g  m ainly of two overlapping doub le ts  and th e  m ethine groups 
gave a m u ltip le t  a t  4 .0 -3 .4  . This in d ic a te d  th a t  the  g ly c o l co n ta in ed  
40^ of the me so-isom er (-CH^ 1*13 -CH- 3*90 J  = 6 Hz) and 60/Z o f th e  
d l- is o m e rs  (-CH^ 1.14 -CH- 3*61 J  = 6  H z). E s te r i f ic a t io n  o f th e  
g ly c o l produced a new methine m u ltip le t a t  5 *2-4*6 and made th e
e a r ly  s ta g e
fum arate m aleate
l a t e  s ta g e
fum arate m aleate
methine ab so rp tio n s of u n e s te r i f ie d  groups and the m ethyl ab so rp tio n s  
more com plicated . M aleate and fum arate peaks were in  t h e i r  u su a l 
p o s it io n s ,  bu t mono- and d ie s te r  peaks were n o t w ell re so lv ed .
3.3*3* Methanol re a c tio n
The sp e c tra  of methanol and i t s  e s te r s  were v ery  sim ple, as  th e  
m ethyl group appeared as a  s in g le  peak in  each compound. In  acetone 
so lu tio n , the -CH, peak of methanol was a t  3*3 5 while those  o f bo thj
th e  mono- and dim ethyl m aleates were a t  3 *70 , and those of th e  mono- 
and dim ethyl fum arates a t  3*78. The m aleate and fum arate =CH- peaks 
were a t  6 .4  and 6 .8  re sp e c tiv e ly , b u t th e  d if f e re n t  peaks due to  a c id , 
m onoester and d ie s te r  were c lo se r  to g e th e r  th an  in  the case o f th e  
e th y len e  g ly c o l p ro d u cts, and so were le s s  w e ll re so lv e d . Spectrum 13 
(page^B) shows a p a r t ly  isom erised  methanol/monomethyl m aleate /d im ethy l 
m aleate p ro d u c t•
The s p e c tra  in  chloroform  were b a s ic a l ly  s im ila r  to  the  above. 
S eparate -CH^ peaks of mono- and dim ethyl m aleate were d e te c te d  ( a t  
3#71 and 3*^9 r e s p e c t iv e ly ) ,  although th ey  were v e ry  c lo se  to g e th e r . ' 
A lso, sep ara te  =CH- peaks of m aleic a c id , m ethyl m aleate and dim ethyl 
m aleate were id e n t i f ie d  a t  6 .41 , 6.33 and 6 . 3O re s p e c tiv e ly .
3*3*6 Methoxyethanol re a c tio n
The spectrum of e thy lene g ly c o l monomethyl e th e r  c o n s is te d  o f  a  
s in g le  m ethyl peak a t  3*30 and “CHg- t r i p l e t s  a t  3*41 (ad jacen t to  -OH) 
and 3*37 (J  = 4 H z). The m aleate m onoester had -CH^- peaks a t  4*28 
( e s te r i f ie d )  and 3*60 (J  = 3 Hz) and =CH- a t  6 . 37 . The fum arate e s te r  
was s im ila r  except fo r  =CH- a t  6.77* Spectrum 14 (page 9 8 ) shows a  
p a r t ly  isom erised  product which a lso  co n ta in s  m aleic anhydride formed 
by decom position of th e  m aleate h a lf  e s te r .
3.3>7 G -lycol/phthalic re a c tio n
The r e a c t io n  of e thy lene g ly c o l w ith  p h th a lic  anhydride produced 
a  m ixture of g ly c o l mono(H p h th a la te )  and g ly c o l b is(H  p h th a la te )
bo th  compounds -CH= arom atic 8-7*4 complex m u ltip le t
7*7 main peak
As condensation  e s te r i f i c a t io n  proceeded, th e  sp e c tra  became more 
com plicated and two more -GH^" d ie s te r  peaks were formed due to
R -Ib-E-H i- 4 .58
and R-Ph-E-Ph-R 4*52
E s te r i f ic a t io n  of the  a c id  group of th e  g ly co l mono(H p h th a la te )  a lso  
produced a new s e t  of peaks*
■When a m ixture of m aleic and p h th a lic  anhydrides was re a c te d  w ith  
e thy lene  g ly c o l,  th e  spectrum showed th e  presence of a g ly c o l mono 
(H phthalate)mono(H m aleate) in  ad d itio n  to  the g ly c o l p h th a la te s  and 
g ly c o l m alea tes .
-M-E-Ih- -GH2-  4*51
The spectrum of such a m ixture i s  shown in  F igure 3.3*10. In s e t  a re  
th e  methylene abso rp tions of a  s t r a ig h t  p h th a la te  p ro d u c t. The m ethylene 
abso rp tions o f th e  mixed e s te r  product became more complex as condensation  
proceeded. Iso m erisa tio n  fu r th e r  com plicated the s i tu a t io n  due to  th e  
la rg e  number of p o ssib le  types o f mixed e s t e r .
3*3.8 . M iscellaneous Products 
E thylene g ly c o l monoacetate
a 3.82
HO-CSi -^CHo-O-GO-CH-2 2 -  3 b 4 .15
a b c
' c  2.08
R eaction w ith  m aleic anhydride produced g ly co l monoacetate mono(H m aleate) • 
-CH0-  4.37 ~CH= 6.34  -CH, 2.08£ j
Spectrum i 5 shows the product o f  a 75^ r e a c t io n .
j J  = 6 Hz
-p
rH
rH
fO
m f—i
v>
-p
C E S S P I T ’  i i i i i i i   . . . . . . . . . . . . . . .
2-Dime thy lam ino-ethanol
a 2.18
(CH,)„K-CH„-CH„-OH
a b e b  3.63 ,
a  13 °  1 '  6 Hz
c 2.37
R eaction of th i s  w ith  m aleic anhydride produced:
+
(CH )^ 2RH-CH2-CH2-0-C0-CH=CH-C0“ a  2.93
a b c d e b 4*50
Spectrum i 6 shows th i s  compound.
c 3.49 
d 6.69
] £ m
5 Hz
.b y  -1
U  =.83 J
12 Hz
e 5*
G -lycollic ac id
g ly c o ll ic  a c id  -CH2~ 4 .2 2
g ly c o l l i0 ac id  hydrogen m aleate -CSHg-. 4*88 -CH= 6.53
g ly c o llid e  -CHg- 4*78
The re a c tio n  of g ly c o ll ic  ac id  w ith  m aleic anhydride produced a  m ixture 
o f the req u ired  g ly c o ll ic  ac id  m aleate e s te r ,  g ly c o ll id e ,  and m aleic 
a c id . Spectrum 17 shows such a re a c tio n  p ro d u ct.
M alic ac id
H0-C0-CHp-CH(OH)-CO-OH a  2 .89 , 2.895 -1
.. J  = 5 and 6 Hz
a  b b  4 .6 0  - I -
The abso rp tion  peaks of the  two methylene hydrogens were v e ry  c lo se  
to g e th e r and no coupling between them was d e te c te d . The 100 MHz spectrum  
o f t h i s  compound i s  shown in  Spectrum 1 8 . The form ation o f m a la te s , as a  
secondary re a c tio n  during e s te r i f i c a t io n ,  was d e tec ted  by t h e . appearance 
o f methylene peaks a t  2 . 8- 3 .0  .
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4* D iscussion
4.1 o Glycol/anhydride reaction
The i n i t i a l  p rocess in  the p re p a ra tio n  of u n sa tu ra ted  p o ly e s te r  
r e s in s  i s  the re a c tio n  between the g ly c o l and m aleic anhydride 
(a d d itio n  e s te r  i f  ic a tio n )  • Most commercial re s in s  involve th e  use of 
m ixtures o f anhydrides w ith  a g ly c o l or m ixtures o f g ly c o ls , and i t  
i s  normal in d u s t r ia l  p ra c t ic e  to  use an excess of the g ly c o l as  t h i s  
tends to  be l o s t  from the  re a c to r  during subsequent condensation e s te r -  
i f i c a t i o n .  The re a c tio n  i s  f a i r l y  easy  to  c a r ry  out and sim ply invo lves 
hea tin g  the r e a c ta n ts  above the  m elting p o in t o f m aleic anhydride.
Once the  re a c t io n  s t a r t s  the  h ea t produced by the  exotherm ic re a c t io n  
r a i s e s  the  tem perature of the  r e a c ta n ts  to  th a t  re q u ire d  to  s t a r t  the 
polycondensation p ro cess .
The o b jec t o f t h i s  p a r t  o f the  re se a rc h  was to  s tudy  th e  r e a c t io n  
under c o n tro lle d  co n d itio n s  to  see i f  i t  could be s u b s ta n t ia l ly  com pleted 
befo re  any condensation e s te r i f i c a t io n ,  iso m erisa tio n  o r o th e r re a c t io n s  
had occurred , and to  determ ine the n a tu re  o f-th e  re a c tio n  product m ixture 
(which i s  the  s ta r t in g  m a te r ia l  fo r  subsequent r e a c t io n s ) .
The most im portant technique used  in  the  s tudy  of the  r e a c t io n  was 
th a t  of n u c lear magnetic resonance (S ec tio n  2 .4 .  ) which was used  to  
determ ine the  com positions of the re a c tin g  m ix tu res .
To s im p lify  th e  system, most of the work was c a r r ie d  out on a  sim ple 
m ixture of e thylene g ly c o l and m aleic anhydride. When equim olar q u a n t i t ie s  
o f  th e  g ly c o l and m aleic anhydride* are used , the re a c tio n  i s  u s u a lly  
re p re se n ted  in  the  l i t e r a t u r e  a s i
H0-CH2-CH2-0H + CH=CH H0-CH2-CH2-0-C0-CH=CH-C0-0H
CO COethy lene g ly c o l \ /  mono(2-0H e thy l)m alea te
or g ly c o l mono (hydrogen m aleate) 
m aleic .
anhydride
This form ula i s  obviously  an id e a l is e d  one, since as  soon as any 
mono(2-0H e thy l)m alea te  i s  formed, i t  i s  capable of re a c tin g  w ith  
m aleic anhydride to  g ive e thy lene b is  (hydrogen m aleate) •
H0-CHo-CHo-0-C0-CH=CH-C0-0H + CH=CH
* * / \
mono(2-0H e th y l)m alea te
0
H 0 ^ 0 ^ d ^ H 2 0 ~ 0 H ^ 2-CH2--0-C0-CH=CH--C0-0H 
ethy lene b is  (hydrogen m aleate)
Using the  ab b rev ia tio n s  shown in  appendix 1 , these  two re a c t io n s  can 
be re p re se n ted  more sim ply a s :
-E - + ®  >  -E-M-
and -E-M- + ' ■ ©  —>  -M-E-M-
Using the n .m .r .  techn ique , the  r e la t iv e  amounts of th ese  two p roducts 
were determ ined during the  r e a c t io n , and in  th e  end p ro d u c t. Hence the 
r e l a t iv e  r e a c t iv i t i e s  of the hydroxyl groups on ethylene g ly c o l and 
mono(2-0H e thy l)m alea te  were determ ined. A lso, the amounts o f u n reac ted  
g ly c o l and m aleic anhydride, and th e  amount of iso m erisa tio n  could  be 
c a lc u la te d . The com position of th e  re a c t io n  product depended on th e  molar 
r a t i o  of th e  r e a c ta n ts .  Y/hen e thy lene g ly c o l was re a c te d  w ith  2 mole of 
m aleic anhydride the  re a c tio n  product was e n t i r e ly  e thy lene b is(hydrogen  
m aleate) • When the g ly c o l was re a c te d  w ith  only  one mole of m aleic anhydride 
the  r a t i o  re q u ire d  to  e v e n tu a lly  produce a p o ly e s te r  r e s in ,  th e  p roduct 
was a m ixture o f mono(2-0H e th y l)m a lea te , e thy lene bis(hydrogen m aleate) 
and unreacted  ethy lene g ly c o l. This m ixture i s  r e fe r r e d  to  lo o se ly  as 
"g ly co l monomaleate” or as "g ly co l m alea te" , bu t th i s  does n o t im ply th a t  
i t  i s  the  pure mono(2-0H e th y l)m a lea te , bu t only  th a t  i t  has th a t  average 
com position and i s  made by re a c tin g  1 mole of e thy lene g ly co l w ith  1 mole 
of m aleic anhydride.
Examination of the  re a c tio n  e n t i r e ly  "by n .m .r . was made im possible 
by a  number of f a c to r s .  These were:
A) the re a c tio n s  were c a r r ie d  out a t  Sandhurst bu t th e  n®m.r. spec t r  cane t e r  
was i n i t i a l l y  a t  B a tte rse a  and then  a t  G u ild fo rd .
B) the  instrum ent was no t always a v a ila b le  when samples were produced 
and p a r t i a l l y  re a c te d  samples had only a l im ite d  l i f e .
C). when th ese  re a c tio n s  were being s tu d ied  I  had no t been t r a in e d  to  
use th e  instrum ent and i t  was n o t p o ss ib le  to  have the sp e c tra  o f  a  
la rg e  number of samples reco rd ed .
Because of th ese  f a c to r s ,  the  re a c tio n  was a lso  s tu d ied  by t i t r a t i o n  of 
the a c id i ty  o f the  samples (S ection  2 * 5 * l) .  T h is technique gave u s e fu l 
r e s u l t s .
The main d i f f i c u l ty  in  studying th e  k in e t ic s  of th e  r e a c t io n  was 
the  problem of accurate  tem perature c o n tro l.  This i s  made d i f f i c u l t  by 
th e  exotherm ic n a tu re  of the  r e a c t io n  and the  speed of th e  r e a c t io n  above 
54° ( th e  m elting p o in t of th e  an h y d rid e). R eaction a t  tem peratu res below 
54° i s  n o t p ra c tic a b le  w ithout the ad d itio n  of a so lv en t, because of the 
low s o lu b i l i ty  of the s o lid  anhydride in  th e  g ly c o l.
When the re a c t io n  was c a r r ie d  out on a 2 mole sca le  in  a  drying 
p i s to l  (S ec tio n  2.1.1 •) using  acetone as the heating  vapour, th e  exotherm 
ra is e d  the  tem perature of the re a c tio n  to  a maximum of 67° • Even when the  
re a c tio n  was c a r r ie d  out on 4 “5g q u a n ti t ie s  in  a th e rm o s ta tic a lly  c o n tro lle d  
b a th  (S ection  2 .1 .2 .)  a  maximum of 0 .6 °  above the b a th  tem perature was 
s t i l l  o b ta in ed .
In  order to  make the r e s u l t s  as accu ra te  as p o ss ib le  a  computer 
program was devised (S ection  2*7.1 •) which allowed a  c o rre c tio n  to  be 
made in  the  re a c tio n  time when d ev ia tio n  from the  d e s ired  tem perature  
occurred . The e ffe c tiv e n e ss  of t h i s  tem perature c o rre c tio n  i s  shown in  
F igure  4*1 *1 • (Page 10 jj) where the c o rre c ted  and unco rrec ted  r e s u l t s  
obtained  from a J  mole sca le  experiment are compared w ith  those  ob ta ined  
from a co rre c ted  5g sca le  experim ent. As can be seen from the  g rap h , th e  
r a t e  co n stan ts  fo r  th e 'tw o  re a c tio n s  a re  the same.
Although th i s  tem perature c o rre c tio n  process can he used to  c o r re c t  
la rg e  tem perature f lu c tu a tio n s ,  the technique used fo r  k in e t ic  measurements 
was to  use sm all sca le  experim ents so th a t  tem perature d ev ia tio n s  were 
never more than  2°, and then  to  c o rre c t fo r  these  using the  tem perature 
c o rre c tio n  program. During th e se  k in e t ic  runs samples were removed a t  
su ita b le  tim e in te rv a ls  and the  % re a c tio n  determ ined a c id im e tr ic a lly  
(S ec tio n  2.5*)
K in e tic s
The r a te  of the re a c tio n  of e thy lene g ly c o l and m aleic anhydride 
was examined using  r a t io s  of g ly co l m olecules to  anhydride m olecules . 
o f 1 :1 and 1 :2 a t  60° ,  70°  and 80°.
The date  obtained  were d i f f i c u l t  to  t r e a t  as two consecu tive 
r e a c tio n s  (see Section  2 .6 . 3 .)  s ince  bo th  the order of the re a c t io n  and 
th e  r e l a t iv e  r e a c t iv i t i e s  of the -OH groups on ethylene g ly c o l and the  
prim ary p ro d u ct, mono(2-0H e th y l)m a lea te , were unknown. I f ,  however, i t  
i s  assumed th a t  th ese  r e a c t iv i t i e s  are equ a l, then  the  equation  (S ec tio n  
2 .6 ,3 * ) can be s im p lif ie d  to  th a t  of a second order re a c t io n  (S ec tio n  2 .6 .2  
In  f a c t ,  the  s ix  re a c tio n s  mentioned above showed good agreement w ith  
sim ple second order k in e t ic s ,  where r a t e  = k ^anhydride] [a lc o h o l g roups] 
The r e s u l t s  a re  shown in  F igu res 4*1 *2. and 4*1 *3* which are  p lo ts  of
jj B~]? * p
g  In  g ig p  and ^ -p  re s p e c tiv e ly  a g a in s t time in  m inutes (see  eq u atio n s
(2) and ( 3) s e c tio n  2 .6 .2 .)  • Both th ese  fu n c tio n s  ^  In  and ~ g
a re  re fe r re d  to  in  th i s  th e s is ,  and in  th e  computer programs (see  S ec tio n  
2 .7*2 . K in e tic s  A) as YA. ELots of th ese  fu n c tio n s  a g a in s t tim e g iv e s  
graphs of slope = ka, where a i s  the  i n i t i a l  co n cen tra tio n  o f m aleic 
anhydride. F igure 4*1 *2. shows the  r e s u l t s  ob ta ined  when B = 2 (where B 
i s  th e  number of -OH groups per anhydride m olecu le); and F igure 4*1 *3* 
th o se  when B = A .
From th ese  graphs the v a lu es of ka shown below were o b ta in ed .
FIGURE 4»1» 1«
1.6  - E ffe c t  o f tem p era tu re  c o r re c t io n  program
YA
x R5 n o t
tem p era tu re
c o rre c te d1.0  - + R5
* R20 
b o th  tem p era tu re  
c o r re c te d .
8 —
75 lo o  
TIME IN MINUTES
FIGURE 4«1« 2 .
YA
1.6  - R28R31
1 . 4 -
1 . 2  -
R20
1.0
6 - R eac tio n
1 .mole e th y le n e  g ly co l 
1 mole m ale ic  anhydride4 -
100
TIME IN MINUTES
R eaction  Kb. B Temp. 104ka (
R 20 2 60° 1.72
R 28 2 70° 3.43
R 31 2 80° 6.07
R 21 1 60° 1.40
R 29 1 70° 2.77
R 30 1 80° 5 .01  .
Prom th e se  v a lu e s  th e  a c t iv a t io n  e n e r g y  of th e  r e a c t io n s  were 
c a lc u la te d .  Graphs of ln (k a )  a g a in s t  l /T  a re  shown in  F ig u re  4 .1 .4 •
These gave th e  a c t iv a t io n  energy ass
62.7 k j/m o l (15 .0  k c a l/m o l)  when B * 1
and 6l.O  k j/roo l (14*8 k  ca l/m o l)  when B = 2
Thus th e  a c t iv a t io n  energy o f th e  r e a c t io n  can be e x p re ssed  as
s u b s ta n t i a l ly  62 k j/m o l. These v a lu e s  o f 15.0 and 14*8 k  ca l/m o l 
co rrespond  to  v a lu es  o f  15*8 and 16 .0  r e s p e c t iv e ly  o b ta in ed  from  
d a ta  n o t tem p era tu re  c o r re c te d , and were used  in  th e  te m p era tu re  
c o r re c t io n  program . As can be seen from  th e se  v a lu e s , th e  e f f e c t  o f  
th e  tem p era tu re  c o r re c t io n  was more n o tic e a b le  when B = 2 . T h is  was 
because  h ig h e r  exotherm s were o b ta in ed  in  th e se  c a s e s .  The r e a c t io n  
betw een e th y len e  g ly co l and m aleic anhydride  has a ls o  been s tu d ie d  
by S hko l’man and V o ro sh ilo v a‘S .  These w orkers examined th e  r e a c t io n  
in  th e  tem p era tu re  range 100-120° and o b ta in ed  a v a lu e  o f 16 k c a l /  
mol f o r  th e  a c t iv a t io n  en erg y .
E q u i l ib r ia
In  an e a r ly  experim ent (RIO*) in  th e  p re se n t work th e  r e a c t io n  
betw een 2 mol of m aleic anhydride and 1 mol o f e th y le n e  g ly c o l (B=l) 
was examined a t  100°. A lthough th e  r e a c t io n  was too  f a s t  and to o  
exo therm ic to  g ive u s e fu l k in e t ic  r e s u l t s ,  th e  e x is te n c e  o f  an 
e q u ilib r iu m  was dem onstrated  and a maximum o f on ly  9®% r e a c t io n  was 
o b ta in e d  even a f t e r  long  r e a c t io n  t im e s . The e x is te n c e  o f an e q u il ib r iu m  
was n o t d e te c te d  by S h k o l’man and V o ro sh ilo v a . O ther ex p e rim en ta l
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in  th e  com m ercial p ro c e ss , a re  d isc u sse d  l a t e r .  With experim ents 
in  th e  tem p era tu re  range 60-80°, when B = 1, th e  k in e t i c  measurem ents 
were stopned a f t e r  75- 80$ r e a c t io n  and so th e  e x is te n c e  o f an e q u i l i ­
brium  was n o t d e te c te d . When excess g ly c o l was used (B = 2) th e  
re v e rs e  r e a c t io n  was e f f e c t iv e ly  suppressed  by th e  excess o f -OH g ro u p s. 
E thy lene  b is(h y d ro g en  m a le a te )
I t  was n o tic e d  th a t  a f t e r  e th y le n e  g ly co l had been r e a c te d  w ith  
2 mol o f m ale ic  anhydride f o r  12 hours a t  60° to  g iv e  80$ r e a c t io n  
and then  l e f t  f o r  3 days, c r y s t a l s  s t a r t e d  to  form  in  th e  p ro d u c t.
W ith f u r th e r  h e a tin g  a t  60 °, th e  grow th o f th e se  c r y s ta l s  co n tin u ed  
u n t i l  a f t e r  about 60 hours  th e  p ro d u c t was s o l id .  C ry s ta ls  were n o t 
form ed by h e a tin g  a t  h ig h e r  te m p e ra tu re s . The c r y s t a l l i n e  p ro d u c t 
was i d e n t i f i e d  as e th y len e  b is(h y d ro g en  m a le a te ) . At th e  tim e o f
p re p a ra t io n  t h i s  compound had no t been re p o rte d  in  th e  l i t e r a t u r e .
45However, i t  has s in ce  been d esc rib ed  by O rd e lt and K ratky , a lth o u g h  
th e s e  w orkers o b ta in ed  i t  in  r e a c t io n s  in  which excess m aleic  anhydride  
was u sed .
Bulk c o n c e n tra tio n s
Workers d e a lin g  w ith  b u lk  r e a c t io n  k in e t ic s  te n d  to  ig n o re  
th e  e f f e c t  o f  c o n c e n tra tio n  o f th e  r e a c ta n t s .  T his was so w ith  th e  
work o f S h k o l’man and V orosh ilova who used  a v a lu e  o f 1 f o r  th e  
c o n c e n tra tio n  o f both  r e a c ta n ts  when B = 2 ,  and v a lu e s  o f 4 /3  
and 2 /3  f o r  th e  c o n c e n tra tio n s  o f m ale ic  anhydride and g ly c o l 
r e s p e c t iv e ly ,  when B = 1'.
So f a r ,  in  th e  p re s e n t work, th e  co n cen tra tio n ! o f th e  r e a c ta n t s  
has been d e fin e d  in  term s o f th e  c o n c e n tra tio n  o f m ale ic  an h y d rid e  (a ) 
and in  th e  second o rd er r e a c t io n s  d e sc r ib e d , t h i s  has been combined 
w ith  k ( th e  r a t e  c o n s ta n t)  so th a t  on ly  va lues o f  th e  p ro d u c t ka have 
been quo ted . In  o rd er to  o b ta in  a b so lu te  va lu es  o f k , a had to  be 
d e te rm in ed .
a t  60° in  a s p e c i f i c  g r a v i ty  b o t t l e  (S e c tio n  2 . 8 . ) .  As th e  r e a c t io n
in v o lv ed  a c o n tra c t io n  in  volume o f up to  8$, th e  v a lu e s  o f a a t
50$ r e a c t io n  were used f o r  th e  c a lc u la t io n  o f k . I d e a l ly  an
allow ance shou ld  be made f o r  t h i s  change in  c o n c e n tra tio n  as th e
r e a c t io n  p ro ce e d s , by d ev e lo p in g  a s p e c ia l  e q u a tio n . Such an eq u a tio n
was d e riv ed  by u s in g  th e  e x p re ss io n  d / ( l - f p )  to  re p la c e  th e  c o n s ta n t
dP 2a in  th e  d i f f e r e n t i a l  e q u a tio n  = k a ( l-P )  (where d i s  th e  
i n i t i a l  c o n c e n tra tio n  o f th e  r e a c ta n ts  and f  i s  th e  f i n a l  volume 
d iv id e d  by th e  i n i t i a l  volum e). When th e  eq u a tio n  was in te g r a te d  
and used  to  c a lc u la te  a v a lu e  o f k f o r  one o f  th e  r e a c t io n s  (R 30), 
th e  r e s u l t  o b ta in ed  was id e n t i c a l  to  t h a t  o b ta in ed  u s in g  th e  v a lu e  
o f  a a t  50$ r e a c t io n  and th e  sim ple 2nd o rd e r e q u a tio n . Hence, 
th e  s im p ler tech n iq u e  o f u s in g  th e  v a lu e  o f a a t  50$ r e a c t io n  was 
u sed  f o r  c a lc u la t in g  th e  r e s u l t s  g iven  below .
Table 4*1*2.
action 'N o. B Temp. 105k (1 mol 1s 1 )
R 21 1 60° 1.39
R 20 2 60° 2.20
R 29 1
00c— 2 .75
R 28 2 70° 4.40
R 30 1 80° 4.97
R 31 2 80° 7.79
I t  i s  obvious from th e se  r e s u l t s  th a t  k i s  n o t a c o n s ta n t 
f o r  th e  two m olar r a t io s  o f r e a c ta n ts  as i t  should  b e . Change o f 
r a t e  c o n s ta n t w ith  m olar c o n c e n tra tio n  i s  no t uncommon in  b u lk  
r e a c t io n s  and i s  u s u a lly  ex p la in ed  in  term s of s o lv a t in g  e f f e c t s ,  
s in c e  th e  r e a c ta n ts  in  a b u lk  r e a c t io n  m ixture fu n c tio n  b o th  as 
r e a c ta n ts  and s o lv e n ts .  In  th is ,  c a se , however, th e  change in  r a t e  
c o n s ta n t i s  r a th e r  h ig h , th e  use of a 100$ excess  o f g ly c o l in c r e a ­
s in g  the va lu e  o f k by 60$. I f  t h i s  e f f e c t  i s  to  be ex p la in e d  by 
s o lv a t io n  by th e  excess g ly c o l ,  then  one should a lso  have to  a llo w
f o r  so lv e n t changes d u rin g  th e  r e a c t io n ,  as th e  " s o lv e n t” changes 
from a m ix ture  o f g ly c o l and anhydride a t  th e  s t a r t  o f th e  r e a c t io n  
to  an ac id  e s t e r  a t  th e  end . I f  s o lv a t io n  i s  very  im p o rtan t th e  r a t e  
c o n s ta n t could  change d u rin g  th e  r e a c t io n .
S ince d i f f e r e n t  v a lu es  of k were o b ta in ed  a t  th e  two m olar 
r a t i o s  o f r e a c ta n ts  u sed , i t  was decided  to  examine o th e r  m olar 
r a t i o s  a t 6 0 ° . The k in e t i c s  o f mixes hav ing  m olar r a t i o s  o f  m ale ic  
anhydride to  e th y len e  g ly c o l o f 1 :4  (B«8 ) ,  1 :2  (B=4) and 4 :1  (B=-J-) 
were examined. A ll showed sim ple 2nd o rd e r  k in e t i c s .  The r e s u l t s  a re  
shown g ra p h ic a l ly  in  F ig u re  4 .1 .5 .  The v a lu es  o f a in  th e s e  c a se s  
were n o t m easured bu t were e s tim a ted  from th e  v a lu es  o b ta in ed  when 
2 : 1  and 1:1  m olar r a t i o s  were u sed , and th e  m olar volumes o f th e
I
r e a c t a n t s •
The v a lu e s  o f ka and k o b ta in ed  a re  shown below to g e th e r  
w ith  th e  r e s u l t s  p re v io u s ly  quoted f o r  th e  o th e r  m olar r a t i o s .
T able  4 .1 .3»
R eac tio n B M :-E - 104k a (s  1 ) a. b 105k (lm
R 26 12 4:1 1 .23 1 1 .8 5-9 1 .04
R 21 1 2:1 1.40 1 0 .1 10 .1 1 .39
R 20 2 1:1 1 .72 7 .8 15 .6 2 .2 0
R 22 4 1:2 2 .24 5-3 21 .4 4 .23
R 25 8 1:4 2 .00 3 .3 2 6 .4 6 .07
where b i s  th e  c o n c e n tra tio n  o f -OH groups in  m o l/ l .
I t  i s  ap p aren t from th e se  r e s u l t s  th a t  th e  r a t e  c o n s ta n t does 
depend on th e  g ly c o l c o n c e n tra tio n  and t h i s  e f f e c t  o p e ra te s  o v er a 
wide range o f m olar r a t i o s .  A graph o f r a t e  c o n s ta n t a g a in s t  —OH 
c o n c e n tra tio n  i s  shown in  F ig u re  4 .1 .6 .
The n ex t s te p  was to  a ttem pt to  f in d  a d i r e c t  m athem atical 
r e la t io n s h ip  between th e  r a t e  c o n s ta n t and th e  a lc o h o l c o n c e n tra t io n . 
A fte r  c o n s id e ra b le  t r i a l  and e r r o r ,  th e  graph shown in  F ig u re  4 .1 .7 .
f x u u n g  x« j
0 . 2 0  — I B=1
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h .  -OH c o n c e n tra tio n .
was produced, t h i s  i s  a p iox  01 k/v a againsx a ana g iv es  a
s t r a i g h t  l i n e  through th e  o r ig in .
* k * ,Thus ire can w r ite  k B = -j— where k i s  a co n sta n t fo r  a l l
b  ^ r~~ ,
c o n c e n tr a tio n s . S ince B = — t h is  red uces to  k = k v a /b .
The s ig n if ic a n c e ,  i f  any, o f t h i s  e q u a tio n  i s  d isc u sse d  l a t e r .
In  th e  course o f th e  m athem atical in v e s t ig a t io n ,  i t  was n o ted  th a t  
a .s im ila r  s t r a ig h t  l in e  could  he o b ta in e d  by p lo t t i n g  In  k  a g a in s t  b . 
Such a r e la t io n s h ip  would be very  d i f f i c u l t  to  e x p la in  t h e o r e t i c a l ly  
and could be e n t i r e ly  fo r tu i to u s *
Added Water
Since w a te r i s  th e  main im p u rity  in  e th y len e  g ly c o l ,  and m aleic  
a c i d . i s  th e  main im p u rity  in  m aleic an h ydride , i t  was decided  to  
m easure th e  e f f e c t  of w a te r on th e  r a t e  o f th e  r e a c t io n .  E thy lene  
g ly c o l c o n ta in in g  10 mol $ o f w ater (2 .8 $  of w ate r by w eigh t) was 
r e a c te d  a t  60° w ith  s u f f i c i e n t  m aleic  anhydride to  form g ly c o l 
m aleate  from th e  g ly c o l,  and m aleic a c id  from th e  w ater (R27)* I f  
i t  was assumed th a t  th e  r e a c t io n  between the w ater and th e  m ale ic  
anhydride was very  f a s t ,  th en  sim ple second o rd e r  k in e t ic s  were 
o b ta in ed  fo r  th e  r e a c t io n  between th e  g ly c o l and th e  a n h y d rid e .
A second o rd e r graph f o r  t h i s  r e a c t io n  i s  shown in  F ig u re  4 ,1 .8 .  
to g e th e r  w ith  a graph f o r  th e  same re a c t io n  in  th e  absence o f added 
w a te r . As can be seen from th e  g raph , th e  w ater c o n s id e ra b ly  
in c re a se d  th e  r a t e  o f  th e  r e a c t io n .  V alues o f k a , a , and k 
f o r  th e  two r e a c t io n s  a re  g iven  below:
Table 4 .1 «4
R eac tio n  Bo. lQ ^kafs^1 ) a (m o l/ l) 10^k (l m o ld s '"1)
No w ater R 20 1.72 7 .8  2 .20
Added w ater R 27 2.57 7-7 3*34
Thus th e  a d d it io n  o f 10 mol $ of w ater gave a 52$ in c re a se  in  th e
r a t e  c o n s ta n t.
T his e f f e c t  could be ex p la in ed  sim ply by say in g  th a t  th e  m ale ic
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ac id  c a ta ly s e d  th e  r e a c t io n .  I I  t h i s  i s  sOj th en  th e  r e a c t io n  would 
he c a ta ly se d  by any a c id , and s in ce  th e  two p ro d u c ts  o f th e  r e a c t io n  
a re  bo th  m aleic  ac id  h a l f  e s t e r s ,  one would expect th e  r e a c t io n  to  be 
a u to c a ta ly t i c ,  an e f f e c t  t h a t  was n o t observed . A com parison o f th e  
e f fe c t iv e n e s s  o f m aleic a c id  and m aleic  a c id -g ly c o l h a l f  e s te r s  as 
a c id s  can be o b ta in ed  from th e  pK v a lu e s  o f m ale ic  a c id  (pKt = 1*93) 
and g ly co l b is(h y d ro g en  m alea te ) (pK = 3 .2 1 ) . The d e te rm in a tio n  of 
th e s e  pK v a lu e s  i s  d e sc rib e d  in  S ec tio n  2.5*4* The c o n c e n tra tio n  o f 
hydrogen io n s  produced from th e se  twTo a c id s  can be c a lc u la te d  a t  
v a r io u s  c o n c e n tra tio n s  o f th e  a c id s .
m [■*]
Thus: M aleic Acid 1M .104 10M .34
G lycol b is (m a le a te )  -gM .025 5M .078
1 m olar m ale ic  ac id  was compared w ith  -J-M g ly co l b is(H  m alea te ) as 
i t  was assumed th a t  only  one hydrogen atom on m aleic  a c id  io n is e s  
(h ig h  value  o f  pK^) w hereas in  g ly c o l b is(H  m alea te ) th e  two m a le a te . 
groups a re  assumed to  be s u f f i c i e n t ly  f a r  a p a r t to  a c t  in d e p e n d e n tly .
Thus we can see  th a t  a t  f a i r l y  h igh  c o n c e n tra tio n s  m aleic  a c id  i s  
about 4-5 tim es as e f f e c t iv e  as th e  m alea te  h a l f  e s t e r .  T h is  r e s u l t  
o f  course  a p p lie s  only  to  s o lu t io n s  in  w a te r, b u t a s im ila r  r e l a t i v e  
e f f e c t iv e n e s s  might be assumed to  ap p ly  in  p o la r  s o lv e n ts  and in  th e  
g ly c o l/a n h y d rid e  r e a c t io n  m ix tu re . Thus, a lthough  th e  g ly c o l m aleate  
h a l f  e s te r s  a re  n o t as s tro n g ly  a c id ic  as m aleic a c id , th e y  shou ld  
s t i l l  be capab le  o f c a ta ly s in g  th e  a d d it io n  e s t e r i f i c a t i o n .
G lycol m onoacetate
T h e .re a c tio n  of g ly c o l m onoacetate w ith  m aleic  anhydride  was 
s tu d ie d  in  o rd e r  to  p rep a re  2 -ac e to x y e th y l hydrogen m aleate  f o r  use  
as  a model compound fo r  iso m e r is a tio n  s tu d ie s .  K in e t ic a l ly  t h i s  should  
be a very  sim ple r e a c t io n  because th e re  i s  only  one s ta g e  in v o lv ed  
and only  one r e a c t iv e  a lc o h o l group.
CH,-C0-0-CH -CHo-0H + CH=CH 3 2 2 / \
CO CO
V Nc /
CH3-C0-0-CH2-CH2-0-C0-CH=CH-C0-0H 
2 -a c e to x y e th y l hydrogen m aleate
T his r e a c t io n  was slow er than  th e  r e a c t io n  in v o lv in g  e th y le n e  
g ly c o l and r e q u ire d  a tem p era tu re  o f 80° to  g ive  a re a so n a b le  r e a c t io n  
r a t e  (R33). The r a t e  o f t h i s  r e a c t io n  i s  shown as  a graph f o r  second 
o rd e r  k in e t i c s ,  in  F ig u re  4 .1*9.*  to g e th e r  w ith  th a t  o f th e  com parable 
e th y le n e  g ly c o l r e a c t io n .  As can be seen from t h i s  g raph , th e  r e a c t io n  o f  
g ly c o l m onoacetate does n o t show sim ple second o rd e r  k i n e t i c s .
C are fu l exam ination  o f th e  d a ta  showed th a t  th e  r a t e  o f  t h i s  
r e a c t io n  was p ro p o r tio n a l  to  th e  sq u are  ro o t of th e  r e a c t io n  p ro d u c t, 
in  a d d it io n  to  depending on th e  c o n c e n tra tio n  o f th e  r e a c ta n ts *
i . e .  R ate = K JalcoholJ £anhydridej [acidj
The d e r iv a t io n  o f  an in te g ra te d  form o f t h i s  eq u a tio n  i s  g iv en  in
S e c tio n  2 . 6 .4 . .  The eq u a tio n  ( 5 ) + \  T^IJ ss- '^ 'a "^SV
where U = J lS  produced th e  s t r a ig h t  l i n e  graph shown in  F ig u re  4 .1 .10*
Again th e  com parable curve f o r  th e  e th y le n e  g ly c o l r e a c t io n  i s  shown
on th e  same g rap h . In  t h i s  th e s i s  th e  l e f t  hand s id e  o f th e  above
e q u a tio n , and o f eq u a tio n  (3 ) S ec tio n  2 .6 .4**  r e f e r r e d  to  as  th e
fu n c tio n  YB (se e  K in e tic s  A S ec tio n  2 . 7 .2 . ) .  A p lo t  o f  YB a g a in s t  tim e
l i
would g ive  a graph hav ing  a slope  o f ka s .
One i n t e r e s t i n g  p o in t  to  no te  i s  th a t  th e  e q u a tio n  in c lu d e s  th e  
f a c to r  a  ( in  a d d itio n  to  ka ) which was re q u ire d  to  e x p la in  th e  
v a r ia t io n  o f r a t e  c o n s ta n t w ith  m olar r a t i o  o f th e  r e a c ta n t s ,  in  th e  
case  o f th e  ethylene g ly co l r e a c t io n .  I t  i s  a lso  i n t e r e s t i n g  to  n o te  
t h a t  th e re  i s  no p u b lish ed  d a ta  on th e  k in e t ic s  o f th e  r e a c t io n  o f 
sim ple a lc o h o ls  w ith  m aleic  anhydride , o th e r  th an  th e  work o f  U sh ak o v ^  
which was p u re ly  o f a q u a l i t a t iv e  n a tu r e .
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From th e  s lo p e  o f  th e  above graph fo r  the g ly c o l  m onoacetate
l-o- —4 —1r e a c t io n  a v a lu e  o f  ka 8 = 2 * 1 6  x 10 s was o b ta in ed . Use o f
an estim ated  v a lu e  o f  6 .0  m o l/l fo r  a gave a va lu e  o f  k = 1 .8 8  
—5 1^ * l-i-x 10 ^mol"" as~ • Doubt was la t e r  c a s t  on th e accuracy o f  th e  above 
v a lu e s  when a n a ly s is  o f  th e g ly c o l m onoacetate and th e  r e a c t io n  
p rod u ct, in d ic a te d  th a t th e  monoester had p a r t ly  d isp ro p o r tio n a ted  
in t o  g ly c o l  and i t s  d ia c e ta te .  T his does not a f f e c t  th e c o n c lu s io n  '
th a t  the r e a c t io n  i s  a u t o c a t a ly t ic .
A u to c a ta ly t ic  nature o f  th e  r e a c t io n
The n ex t q u estio n  to  be answered is *  why does th e  r a te  o f  th e  
r e a c t io n  depend on th e square roo t o f  th e  ac id  c o n cen tra tio n  and not 
more sim ply on th e a c id  con cen tra tion ?
F r a c tio n a l orders o f  r e a c t io n  commonly occur in  gas phase r e a c t io n s  
such as th e con version  o f  p ara - in to  o r th o -  hydrogen, where th e  r a te  
i s  determ ined by th e  r e v e r s ib le  d isp r o p o r tin a tio n  o f  a hydrogen
m olecu le H + H . F r a c tio n a l ord ers are a lso  found fo r  a number
o f  organ ic  fr e e  r a d ic a l r e a c t io n s  in  s o lu t io n . Most e s t e r i f i c a t i o n  
r e a c t io n s  c a ta ly se d  by a c id  are sa id  to  depend d ir e c t ly  on th e  a c id  
co n cen tra tio n  (s e e  a lso  S e c tio n  4 * 2 . ) . , This  i s  a ls o  tru e  o f  th e  hydro­
l y s i s  o f  e s t e r s  where th e r e a c t io n  i s  a u t o c a t a ly t ic .  F a ir ly  r e c e n t ly ,
27however, Tang Au-Chin and Yao Kuo-Sui have put forward f a i r l y  good 
ev id en ce  th a t p o ly e s t e r i f i c a t io n ,  in  th e  absence o f  added a c id , i s  a 
2-J- order r e a c t io n .
The f r a c t io n a l  order in  the p resen t case cou ld  be ex p la in ed  in  
term s o f a d im er isa tio n  o f  th e  ac id  c a t a ly s t  in  th e r e a c ta n ts  (a s  occurs  
w ith  a c e t ic  a c id  in  benzene s o lu t io n ) .  A more l i k e l y  ex p la n a tio n  i s  
th a t  th e r e a c t io n  i s  c a ta ly s e d , not by th e fr e e  a c id , but by hydrogen  
io n s .  For a weak acid  the co n cen tra tio n  o f  hydrogen io n s  shou ld  be 
p ro p o rtio n a l to  the square ro o t o f th e ac id  co n cen tra tio n  (O stw ald  
d i lu t io n  law) .
H A f ^ H + + A’  K = T T  H  - « / m
One d i s a d v a n t a g e  o f  t h i s  e x p l a n a t i o n  i s  t h a t  some s o l v e n t  ( h a s e )
.J.
m o le c u l e s  m ust b e  p r e s e n t  t o  a c c e p t  t h e  H i o n s .  T h is  s h o u ld  make 
t h e  k i n e t i c s  more c o m p l i c a t e d  s i n c e  t h e  n a tu r e  o f  t h e  b u lk  r e a c t i o n  
m ix t u r e  i s  c o n t i n u o u s l y  c h a n g in g  d u r in g  t h e  r e a c t i o n .  At t h e  s t a r t  
o f  t h e  r e a c t i o n  i t  i s  a m ix tu r e  o f  a n h y d r id e  and a l c o h o l ,  w h e r e a s  
a t  t h e  end o f  t h e  r e a c t i o n  i t  i s  an a c i d  h a l f  e s t e r .
I n  t h e  p r e s e n c e  o f  a b a s e  t h e  i o n i s a t i o n  o f  ah a c i d  w o u ld  b e
r e p r e s e n t e d  a s :
H A  + B H+B
Hence |h +b] = / [ H a] J  k[b]
The a l c o h o l ,  t h e  a n h y d r id e ,  t h e  e s t e r  o r  t h e  a c i d  i t s e l f  c o u ld  a c t  
a s  a b a s e .
T here  a r e  a t  l e a s t  t h r e e  s p e c i a l  e a s e s  t h a t  c o u l d  b e  c o n s i d e r e d .  
One i s  t h a t  t h e  e f f e c t i v e n e s s  o f  t h e  s o l v e n t  a s  a b a s e  r e m a in s  c o n s t a n t
d u r in g  t h e  r e a c t i o n  ( i . e .  2 / K [jb] i s  c o n s t a n t ) .  I n  w h ich  c a s e
[ h+]  o t J [ f 7 ] < x J 7  . S e c o n d ly ,  t h e  e f f e c t i v e n e s s  o f  t h e  s o l v e n t  
c o u l d  d e c r e a s e  d u r in g  t h e  r e a c t i o n ,  t h e  m ost e x tr e m e  c a s e  o f  t h i s  
b e i n g  i f  o n l y  one o r  more o f  t h e  r e a c t a n t s  f u n c t i o n e d  a s  t h e  b a s e  
and t h e  p r o d u c t s  w ere  i n e f f e c t i v e .  I n  t h i s  c a s e  £ l f ] c <  1 - P  and  
[ h+]  ° < / p ( 1 -P )  .  The 3^d c a s e  w ou ld  o c c u r  i f  t h e  r e a c t i o n  p r o d u c t s  w ere  
more e f f e c t i v e  th a n  t h e  r e a c t a n t s j  i n  t h e  ex trem e  t h i s  w ou ld  g i v e  
[b ]« <  P anJ [ h ] K  F,
Thus c o u ld  o n l y  b e  p r o p o r t i o n a l  t o  i n  v e r y  s p e c i a l
c ir c u m s t a n c e s  f o r  a b u lk  r e a c t i o n  m ix t u r e .  Thus i n  m ost c a s e s  
c o u l d  o n ly  b e  a p p r o x im a t e ly  p r o p o r t i o n a l  t o
The u s e  o f  P a s  a m easure  o f  t h e  c o n c e n t r a t i o n  o f  u n d i s s o c i a t e d
•X-
a b a s e  i s  u s e d  h e r e  i n  t h e  s e n s e  o f  a weak p r o t o n  a c c e p t o r .
a c i d  a l s o  i n t r o d u c e s  an e r r o r  a s  i t  a ssu m es  t h a t  t h e  a c id  i s  v e r y  weak* 
For a c i d s  h a v i n g  pK = 2 and pK = 3 t h e  e r r o r s  would' b e  5$  and 1 . 6 $  
r e s p e c t i v e l y ,  a t  a c o n c e n t r a t i o n  o f  1 m o la r .  T h ese  e r r o r s  w ou ld  a l s o  
ch an ge  d u r in g  t h e  r e a c t i o n  a s  t h e  c o n c e n t r a t i o n  o f  a c i d  c h a n g e d .
An a u t o c a t a l y t i c  r e a c t i o n  a l s o  r e q u i r e s  some m ethod b y  w h ic h  i t  
can  s t a r t .  T h is  c o u ld  be  a t r u l y  u n c a t a l y s e d  m echanism  o r  i t  c o u l d  b e  
t h e  p r e s e n c e  o f  a s m a l l  amount o f  a c a t a l y t i c  i m p u r i t y .  I n  t h e  p r e s e n t  
r e a c t i o n  t h e  l a t t e r  e x p l a n a t i o n  seem s t o  be  t h e  more l i k e l y .  The s m a l l  
amount o f  m a le i c  a c id  i n  th e .  a n h y d r id e ,  o r  t h e  t r a c e  o f  w a t e r  i n  t h e  
g l y c o l ,  w h ich  c o u l d  form  m a l e i c  a c i d ,  w ou ld  p e r m it  t h e  r e a c t i o n  t o  s t a r t .  
The r a t e  o f  t h e  r e a c t i o n  h a s  a l r e a d y  b e e n  shown t o  b e  s e n s i t i v e  t o  w a te r  
i n  t h e  g l y c o l  ( F ig u r e  4 . 1 . 8 . ) .
I f  one l o o k s  a g a in  a t  t h e  c o m p a r iso n  o f  t h e  e t h y l e n e  g l y c o l  and 
t h e  g l y c o l  m o n o a c e ta te  r e a c t i o n s  shown i n  F ig u r e s  4 4  .9  • and 1 0 ,  one  
c o u l d  c o n c lu d e  t h a t  t h e  g l y c o l  m o n o a c e ta te  r e a c t i o n  i s  a u t o c a t a l y t i c  
w h i l e  t h e  g l y c o l  r e a c t i o n  i s  a p p a r e n t ly  n o t .  One must e i t h e r  d e c i d e  
t h a t  t h e r e  a r e  d i f f e r e n t  m echanism s i n  t h e  two r e a c t i o n s ,  o r  t h a t  
b o t h  r e a c t i o n s  a r e  a u t o c a t a l y t i c  and h a v e  th e  same m echanism , and t h a t  
t h e r e  i s  some e x p l a n a t i o n  o f  why a c u r v e  was o b t a in e d  f o r  t h e  g l y c o l  
r e a c t i o n .  The g l y c o l  r e a c t i o n  i s  more c o m p l i c a t e d  t h a n  t h e  g l y c o l  
m o n o a c e ta te  r e a c t i o n  s i n c e  i t  i n v o l v e s  two s u c c e s s i v e  r e a c t i o n s .  I n  
o r d e r  t o  o b t a i n  s im p le  s e c o n d  o r d e r  k i n e t i c s  from  t h e  g l y c o l  r e a c t i o n  
i t  was n e c e s s a r y  t o  t r e a t  t h e s e  two r e a c t i o n s  a s  o n e ,  by  a s s u m in g  t h a t  
t h e  r e a c t i v i t y  o f  t h e  -OH g r o u p ,  on t h e  mono(2-0H e t h y l ) m a l e a t e  was  
t h e  same a s  t h o s e  on t h e  e t h y l e n e  g l y c o l . I f  we now assum e t h a t  t h e s e  
r e a c t i v i t i e s  a r e  n o t  th e  sam e, can we u s e  t h i s  t o  e x p l a i n  t h e  c u r v e  
o b t a in e d  when t h e  g l y c o l  r e a c t i o n  was t r e a t e d  a s  an a u t o c a t a l y t i c  one?
As m en tion ed  p r e v i o u s l y  t h e  e q u a t io n  ( 3 )  S e c t i o n  2 . 6 . 3 .  i s  t o o
d i f f i c u l t  t o  s o l v e  by i n t e g r a t i o n  f o r  unknown v a l u e s  o f  k n and k „ .1 2
T h is  prob lem  was overcom e b y  p r o d u c in g  com puter program s (show n i n
S e c t i o n  2 . 7 . 3 . )  w h ic h  c a l c u l a t e d  t h e  r e a c t i o n  t im e s  r e q u i r e d  t o  o b t a i n  
p r e d e te r m in e d  e x t e n t s  o f  r e a c t i o n  f o r  g i v e n  v a l u e s  o f  k^ and k ^ .
Some o f  t h e  com puter  p r e d i c t e d  r e s u l t s  o b t a in e d  a r e  shown g r a p h i c a l l y  
i n  F ig u r e  4 . 1 . 1 1 .  and 1 2 .  The grap h s  c o u l d  have b e e n  o b t a in e d  more  
e a s i l y  by  a n o lo g u e  c o m p u tin g ,  b u t  t h i s  f a c i l i t y  was n o t  a v a i l a b l e  a t  
S a n d h u r st  a t  t h e  t im e  i t  was r e q u i r e d .  The s t r a i g h t  l i n e  shown i n  
F i g u r e  4 . 1 . 1 1 .  i s  t h e  p r e d i c t e d  c u r v e  f o r  t h e  se co n d  o r d e r  u n c a t a l y s e d  
r e a c t i o n  b e tw e e n  e t h y l e n e  g l y c o l  and m a le i c  a n h y d r id e  ( o r  any o t h e r  
m o n o /d i  f u n c t i o n a l  s y s te m )  when k^ = k^ ( b a s e d  on e q u a t io n  ( 3 )
S e c t i o n  2 . 6 . 3 . ) .  T h is  was done m a in ly  t o  p r o v e  t h a t  t h e  program  w orked .  
The v a l u e  o f  k^ o b t a in e d  from  t h i s  l i n e  i s  e x a c t l y  t h e  v a l u e  p u t  i n t o  
t h e  program . The cu rve  shown on t h e  same graph was o b t a in e d  when  
k^ = 2 k^ and k^ had t h e  same v a l u e  a s  b e f o r e .  I n  b o t h  c a s e s  t h e  
r e a c t i o n s  w ere  t r e a t e d  a s  s im p le  2nd o r d e r  r e a c t i o n s ,  i . e .  t h e  g r a p h s  
a r e  p l o t s  o f  p / ( l - p )  a g a i n s t  t .
The g r a p h s  shown i n  F ig u r e  4 . 1 . 1 2 .  a r e  b a s i c a l l y  a s  ab ove  e x c e p t  
i n  t h i s  c a s e  b o t h  r e a c t i o n s  w ere  c a t a l y s e d  a c c o r d in g  t o  t h e  s q u a r e  r o o t  
o f  t h e  r e a c t i o n  p r o d u c t  ( b a s e d  on e q u a t io n  ( 6 )  S e c t i o n  2 . 6 . 4 * ) •  A g a in ,  
b o t h  a r e  t r e a t e d  a s  s im p le  se c o n d  o r d e r  r e a c t i o n s .  As can  b e  s e e n  from  
t h e  g ra p h s  when k^ = 2 k^ t h e  c u r v e  a p p r o x im a te s  t o  a s t r a i g h t  l i n e  
e x c e p t  a t  a v e r y  e a r l y  s t a g e  o f  t h e  r e a c t i o n .  A l l  c u r v e s  show a 0 - 8 0 $  
r e a c t i o n .  T h u s , a s t r a i g h t  l i n e  f o r  s im p le  s e c o n d  o r d e r  k i n e t i c s  can  
b e  o b t a in e d  i f  e i t h e r  k^ = k^ and t h e  r e a c t i o n  i s  n o t  a u t o c a t a l y t i c ,  
o r  i f  k^ i s  g r e a t e r  th a n  k^ and th e  r e a c t i o n  i s  a u t o c a t a l y t i c .
The same d a t a  u s e d  i n  F ig u r e  4 . 1 . 1 2 .  i s  a l s o  u s e d  i n  F i g u r e  4 . 1 . 1 3  
T h is  t im e  t h e  r e a c t i o n  w as t r e a t e d  a s  an a u t o c a t a l y t i c  r e a c t i o n ,  YB 
( S e c t i o n  2 . 7 . 2 . ,  K i n e t i c s  A) i s  p l o t t e d  a g a i n s t  t .  T h is  t im e  a c u r v e  
was o b t a in e d  when k^ = 2 k^ , and a s t r a i g h t  l i n e  was o b t a in e d  when  
k^ = k ^ . The p r e d i c t e d  c u r v e s  i n  F i g u r e  4 * 1 . 1 2 .  and 13*»when k^ = 2
a r e  s i m i l a r  t o  t h o s e  i n  F ig u r e  4 . 1 . 9 *  and 1 0 .  f o r  t h e  e t h y l e n e  g l y c o l
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r e a c t i o n .  The c h o i c e  o f  a v a l u e  o f  k -j /k  = 2 was p u r e l y  a r b i t r a r y .  
S i m i l a r  c u r v e s  w ou ld  have  b e e n  o b t a in e d  f o r  v a l u e s  o f  k^ /k g  
r a n g e  1 . 5 - 3 .  C lo s e  i n s p e c t i o n  o f  t h e  g r a p h s  o b t a in e d  when k^ and
were d i f f e r e n t  b u t  t h e  d a t a  was o t h e r w i s e  t r e a t e d  c o r r e c t l y  ( F ig u r e s  
4 . 2 . 1 1  and 1 3 ) ,  showed t h a t  t h e  i n i t i a l  s l o p e  was k^ and t h e  f i n a l  s l o p e  
was k g .  The way i n  w h ich  t h e  s l o p e  o f  t h e  graph ch an ged  w i t h  e x t e n t  
of. r e a c t i o n  i s  shown i n  F i g u r e  4*1*14* N o t i c e ' t h a t  t h e  s l o p e  i s  e q u a l  
t o  kg above  90^ r e a c t i o n  and t h a t  t h e  i n i t i a l  r a t e  o f  ch a n g e  o f  s l o p e  
up t o  40/C r e a c t i o n  i s  a p p r o x im a t e ly  c o n s t a n t .  T h is  g i v e s  a good  method  
o f  e s t i m a t i n g  k^ and kg from  a c u r v e ,  b u t  i t  d o e s  assum e t h a t  t h e  
k i n e t i c s  a re  o t h e r w is e  c o r r e c t .  The com puter  p r e d i c t e d  c u r v e s  c o n c l u s ­
i v e l y  showT t h a t  an a u t o c a t a l y t i c  r e a c t i o n ,  where t h e  r e a c t i o n  i s  c a t a ­
l y s e d  a c c o r d in g  t o  t h e  sq u a r e  r o o t  o f  t h e  c o n c e n t r a t i o n  o f  t h e  p r o d u c t ,  
c o u ld  apnear  t o  h a v e  s im p le  seco n d  o r d e r  k i n e t i c s  i f  t h e  r a t e  c o n s t a n t s  
f o r  t h e  two s u c c e s s i v e  s t a g e s  o f  t h e  r e a c t i o n  had s u i t a b l e  v a l u e s .
The n e x t  t h i n g  t o  be  done was t o  s e e  how w e l l  t h e  e x p e r im e n t a l  r e s u l t s  
f i t t e d  t h e  p r e d i c t e d  c u r v e s .  I n  F ig u r e  4 •  1*15 • > ^he e x p e r im e n t a l  r e s u l t s  
o b t a in e d  b y  r e a c t i n g  1 mol o f  e t h y l e n e  g l y c o l  w i t h  2 mol o f  m a l e i c  
a n h y d r id e  a t  6 0 ° (R  2 1 )  a r e  t r e a t e d  a s  s im p le  se c o n d  o r d e r  k i n e t i c s  
(E q u a t io n  ( 3 ) S e c t i o n  2 . 6 . 2 . )  and su p e r im p o se d  on a com puter  p r e d i c t e d  
c u r v e  t r e a t e d  i n  t h e  same w ay . To o b t a i n  t h e  f i t  shown s u i t a b l e  v a l u e s  
o f  k^ and kg had t o  b e  c h o s e n :
v a l u e s  o f  k^a^2 = 3*2 x  10 t  ^
I ’L* A —1
and kg a 15 = 1 . 4  x  10 4 s  w ere  u s e d  (
As can  b e * s e e n  good agreem en t was o b t a in e d  e x c e p t  a t  t h e  v e r y  s t a r t  
o f  t h e  r e a c t i o n .
The f i t  a t  th e  s t a r t  o f  th e  r e a c t i o n  was im proved  by  a s s u m in g  
t h a t  a t r a c e  o f  m a le i c  a c id  was p r e s e n t  t o  s t a r t  t h e  r e a c t i o n .  T h is  
i s  a r e a s o n a b le  a s su m p tio n  a s  t h e  a n h y d r id e  i s  known t o  c o n t a i n  t r a c e s  
o f  m a le i c  a c i d  and t h e r e  a r e  t r a c e s  o f  w a te r  in  t h e  g l y c o l .  A ssu m in g
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t h e  p r e s e n c e  o f  Vf> m a le i c  a c i d ,  and a s su m in g  t h a t  i t  was f i v e  t im e s  
a s  e f f e c t i v e  a c a t a l y s t  a s  a m a le a te  m o n o e s te r ,  t h e  p r e d i c t e d  c u r v e  
shown i n  F ig u r e  4 . 1 * 1 6 .  was o b t a in e d ( b a s e d  on e q u a t io n  ( 3 )  S e c t i o n  
2 . 6 * 9 .  F = *05)*  The same e x p e r im e n t a l  p o i n t s  w ere  u s e d  h u t  v a l u e s
1-1- — /  _1
o f  k^a 2 = 3*1 x  10 s
and x  w ere r e q u i r e d .  ( k -j /k 2 = 2 *2 ^
T h is  p r o c e s s  o f  f i t t i n g  th e  e x p e r im e n t a l  p o i n t s  t o  a p r e d i c t e d  
c u r v e  i s  r a t h e r  t e d i o u s  h u t  i t  can h e  done  f o r  o t h e r  m olar  r a t i o s  o f
t h e  two r e a c t a n t s .  I t  was done f o r  t h e  r e a c t i o n  o f  e q u im o la r  q u a n t i t i e s
o f  e t h y l e n e  g l y c o l  and m a le i c  a n h y d r id e  (b a s e d  on e q u a t io n  ( 6 )  S e c t i o n  
2 . 6 . 4 . )  • The r e s u l t s  a r e  shown i n  F ig u r e  4 . 1 . 1 7 •  The p r e d i c t e d  c u r v e  
was o b t a in e d  u s i n g s
k ja 1'®' = 2 . 8 8  x  10- 4 s_1 
and kga1^  = 1 .0 3  z  10- 4 s -1   ^k i / k 2 = 2 ' B\ ‘
I t  w o u ld ,  o f  c o u r s e ,  h e  p o s s i b l e  t o  f i t  e x p e r im e n t a l  r e s u l t s  t o  
a l a r g e  number o f  p r e d i c t e d  c u r v e s  s im p ly  by  th e  c h o i c e  o f  t h e  r i g h t  
v a l u e s  f o r  t h e  c o n s t a n t s .  As t h e r e  was d e f i n a t e  e v id e n c e  f o r  t h e  
a u t o c a t a l y t i c  n a t u r e  o f  t h e  r e a c t i o n ,  i t  was d e c id e d  t o  exam ine  t h e  
r e s u l t s  o f  e x p e r im e n ts  a s  i f  t h e y  had b e e n  c a t a l y s e d  d i r e c t l y  b y  t h e  
c o n c e n t r a t i o n  o f  t h e  a c id  p r o d u c t .  E q u a t io n s  w ere  d e r iv e d  ( S e c t i o n  
2 . 6 . )  t o  c o v e r  t h i s  p o s s i b i l i t y  and w ere i n c lu d e d  ( a s  YC) i n  t h e  
k i n e t i c s  com puter  programs ( S e c t i o n  2 . 7 . 2 . )  P r e d i c t e d  r e s u l t s  w ere  
a l s o  produced  by  com puter f o r  su ch  a r e a c t i o n  u s i n g  e q u a t io n  ( 6 )  
( S e c t i o n  2 . 6 . 5 . )  and v a r i o u s  v a l u e s  o f  k^ and k^ . I n  t h i s  c a s e  
s t r a i g h t  l i n e s  c o u ld  n o t  b e  o b t a in e d  f o r  secon d  o r d e r  k i n e t i c s .
As can be  s e e n  from  F ig u r e  4 * 1 . 1 8 .  none o f  th e  c u r v e s  a p p r o x im a t e s  
t o  a s t r a i g h t  l i n e ,  sh ow in g  t h a t  d i r e c t  c a t a l y s i s  by  t h e  p r o d u c t  i s  
n o t  a t e n a b le  e x p l a n a t i o n .
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Re a c t i v i t i e s  o f  ~0H groups on ethylene g ly co l
As w ell as p re d ic t in g  th e  o v e ra l l  r a t e  of a r e a c t io n ,  th e  com puter 
program s a lso  gave th e  amounts of th e  v a rio u s  r e a c t io n  p ro d u c ts  p re s e n t 
a t  v a rio u s  s ta g e s  of th e  r e a c t io n .  F ig u re  4-1.19* shows th e  r e l a t i v e  
amounts of e th y le n e  g ly c o l ,  g ly co l mono(hydrogen m alea te ) and g ly c o l 
h is(h y d ro g en  m aleate) p r e s e n t ,  p lo t te d  a g a in s t th e  f r a c t io n  o f anhydr­
id e  r e a c te d . These v a lu es  were o b ta in ed  assuming = k ^ . These 
r e l a t i v e  amounts do no t depend on th e  c a t a ly s i s ,  i f  any, o f  th e  r e a c t io n .  
¥hen excess g ly c o l i s  used th e  same cu rves apply  b u t th e  x a x is  i s  
r e s t r i c t e d .  Thus when B = 2 th e  f i n a l  com position  i s  th e  same as 
th a t  o f  50$ r e a c t io n  when B = 1 . F ig u re  4«1«20. shows th e  r e l a t i v e  
amounts o f th e  th re e  components when k^/k^  = 5* I n t h i s  c a s e , th e  
amount o f th e  g ly c o l m onoester i s  always g r e a te r  th an  i t  i s  when 
k^ = k ^ . Thus i f  th e  r e l a t i v e  amounts of th e  th re e  components cou ld  be 
m easured th e  v a lu e  o f k^/k^  could be c a lc u la te d ..T h e  e q u a tio n  re q u ire d  
f o r  t h i s  c a lc u la t io n  i s  d e riv ed  in  S e c tio n  2 . 6 . 3 . (e q u a tio n  8 ) .
I t  was e v e n tu a lly  d iscovered  th a t  th e  r e l a t i v e  amounts o f th e  
th re e  comnonents r e fe r r e d  to  above could  be determ ined from th e  n .m .r .  
s p e c tra  of th e  r e a c ta n t  m ixes. This i s  d e sc rib e d  in  S ec tio n  2 .4 .
V alues of k^ /k^  were th en  c a lc u la te d  from th e  r e s u l t s  u s in g  e q u a tio n  
( 8 ) S ec tio n  2 .6 .3 .  and an i t e r a t i v e  com puter p ro c e s s . The r e s u l t s
o b ta in e d  a re  shown below;
B = 2 1 mol m aleic anhydride : 1 mol e th y len e  g iy c o i
.70$ re a c te d  k^/k^ = 2 .76  
85/0 r e a c te d  k^/k^ = 2 .8 0
B = 1 2 mol m aleic an h y d rid e : 1 mol e th y len e  g ly co l
53$ re a c te d  k^/k^ = 2 .8 5  
64$ re a c te d  k^/k^ = 2 .5 4
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T h ese  v a l u e s  g i v e  f u r t h e r  su p p o r t  t o  th e  t h e o r y  t h a t  t h e  a d d i t i o n  
e s t e r i f i c a t i o n  i s  an a u t o c a t a l y t i c  r e a c t i o n ,  a s  t h e y  a g r e e  w e l l  w i th  
t h e  v a l u e s  r e q u i r e d  i n  o r d e r  t o  f i t  t h e  com puter p r e d i c t e d  c u r v e s ,  
f o r  a u t o c a t a l y t i c  r e a c t i o n s ,  t o  t h e  e x p e r im e n t a l  r e s u l t s .  I t ,  t h e r e f o r e ,  
seem s r e a s o n a b le  t o  c o n c lu d e  t h a t  t h e  r e a c t i o n  i s  a u t o c a t a l y t i c  and 
t h a t  t h e  -OH g r o u p s  o f  t h e  g l y c o l  a r e  a b o u t  2 . 8  t im e s  a s  r e a c t i v e  a s  
t h o s e  o f  t h e  g l y c o l  m o n o e s t e r .
I n  v ie w  o f  t h e  c o m m erc ia l  im p o r ta n c e  o f  e t h y l e n e  g l y c o l ,  i t  i s
v e r y  s u r p r i s i n g  t h a t  t h i s  p rob lem  o f  t h e  r e a c t i v i t i e s  o f  i t s  two
-OH g r o u p s ,  com pared w i t h  t h e  r e a c t i v i t y  o f  th e  r e m a in in g  -OH group
i n  t h e  m o n o s u b s t i t u t e d  p r o d u c t s  h a s  n o t  a l r e a d y  b e e n  f u l l y  i n v e s t i g a t e d .
The o n l y  p a p e r  t h a t  h as  b e e n  p u b l i s h e d  on t h e  s u b j e c t  was c o n c e r n e d  w i t h
t h e  e s t e r i f i c a t i o n  o f  g l y c o l s  by  a c r y l i c  and m e t h a c r y l i c  a c i d s .  T h is  i s
28
t h e  work o f  G areev  and Men’ s h u t i n  w h ich  was p u b l i s h e d  a f t e r  t h e  s t a r t  
o f  t h e  p r e s e n t  w ork . T h ese  a u t h o r s  u s e d  e q u im o la r  p r o p o r t i o n s  o f  t h e  
c a r b o x y l i c  a c i d s  and th e  v a r i o u s  g l y c o l s  and q u o te d  v a l u e s  o f  k^ /k^  
o f  a b o u t  1 0 .  (The a c t u a l  v a l u e s  q u o te d  w ere  a b ou t  20 b u t  t h i s  i n v o l v e d  
a co m p a r iso n  b e tw e e n  t h e  r e a c t i v i t i e s  o f  m o le c u le s  w h e r e a s  a co m p a r iso n  
o f  -OH g r o u p s  w ou ld  h ave  g i v e n  v a l u e s  o f  about 1 0 ) .  The v a l u e s  o f  k^ 
and k^ w ere  d e te r m in e d  from  t h e  r a t e s  .o f  th e  i n i t i a l  and f i n a l  s t a g e s  
o f  t h e  r e a c t i o n ,  r e s p e c t i v e l y .  The a c c u r a c y  o f  t h e  v a l u e s  d e p e n d s  on 
t h e  v a l i d i t y  o f  t h e  a s s u m p t io n s  made b y  t h e s e  a u t h o r s  a b o u t  t h e  
k i n e t i c  o r d e r  o f  t h e  r e a c t i o n .  T h ese  a u t h o r s  a l s o  q u o te d  maximum 
y i e l d s  o f  64$  and 66$  o f  t h e  e t h y l e n e  g l y c o l  m o n o e s te r s  from  t h e  two  
a c i d s .  The d a ta  from t h e  com puter  program s u se d  i n  t h e  p r e s e n t  work  
show t h a t  a maximum y i e l d  o f  63$  w ould  b e  o b t a in e d  i f  k^ /k ^  = 2 
and n o t  10 a s  i n d i c a t e d  by  G areev  and Men’ s h u t i n .  B ased  on t h i s  
e v i d e n c e ,  t h e  r e a c t i o n  o f  e t h y l e n e  g l y c o l  wTi t h  a c r y l i c  and m e t h a c r y l i c  
a c i d s  d o e s  h a v e  a s i m i l a r i t y  w i th  t h e  r e a c t i o n  o f  e t h y l e n e  g l y c o l  and 
m a l e i c  a n h y d r id e  i n  t h a t  t h e  f i r s t  s t a g e  o f  t h e  r e a c t i o n  i s  2 - 3  t im e s
a s  f a s t  a s  th e  se co n d  s t a g e .  Both r e a c t i o n s  a re  e s t e r i f i c a t i o n s ,  and 
g l y c o l  m a le a t e s  may be r e g a r d e d  a s  b e i n g  s u b s t i t u t e d  g l y c o l  a c r y l a t e s .
S o l u t i o n  r e a c t i o n s
F u r th e r  e v id e n c e  o f  t h e  a u t o c a t a l y t i c  n a tu r e  o f  t h e  a d d i t i o n  
e s t e r i f i c a t i o n  r e a c t i o n  was o b t a in e d  from  t h e  r e a c t i o n  o f  e t h y l e n e  
g l y c o l  w i t h  m a le i c  a n h y d r id e  i n  s o l u t i o n  i n  2 - e t h o x y e t h y T  a c e t a t e .  
E a r l i e r  a t t e m p t s  t o  m easure t h e  k i n e t i c s  o f  t h i s  r e a c t i o n  i n  1 m olar  
s o l u t i o n  i n  .a c e to n e  w ere abandoned b e c a u s e  o f  a v e r y  s lo w  r e a c t i o n .  
C om parison o f  t h e  r a t e  o b t a i n e d ,  w i t h  t h a t  o f  t h e  b u l k  r e a c t i o n  
s u g g e s t e d  a h i g h  (3-g-) o r d e r  o f  d e p en d en ce  o f  r a t e  on c o n c e n t r a t i o n .  
K i n e t i c  m easurem ents  w ere  t h e r e f o r e  c a r r i e d  ou t  u s i n g  a 50$  s o l u t i o n  
t o  m in im ise  t h i s  e f f e c t  and a h ig h e r  r e a c t i o n  t e m p e r a t u r e . o f  80°  was  
u s e d  t o  g i v e  a r e a s o n a b le  r a t e  o f  r e a c t i o n .  2 - E t h o x y e t h y l  a c e t a t e  
w a s ; c h o se n  a s  t h e  s o l v e n t  b e c a u s e  o f  i t s  a v a i l a b i l i t y  a t  t h e  t i m e ,  i t s  
h i g h  b o i l i n g  p o i n t  ( t o  m in im is e  vapour  l o s s ) ,  i t s  s o l u b i l i t y  i n  w a t e r  
( f o r  e a s e  o f  a n a l y s i s ) ,  and i t s  c h e m ic a l  s i m i l a r i t y  t o  t h e  t y p e  o f  
m a t e r i a l  b e i n g  exam in ed .
The f i r s t  r e a c t i o n  (R 37) i n d i c a t e d  s im p le  s e c o n d  o r d e r  k i n e t i c s  
e x c e p t  f o r  a s l i g h t  a u t o c a t a l y t i c  e f f e c t  b e lo w  2 0 $  r e a c t i o n ,  and a  
d e c r e a s i n g  r a t e  above 7 5 $  r e a c t i o n .  T h is  l a s t  e f f e c t  c o u ld  b e  e x p l a i n e d  
i n  term s o f  a. r e v e r s i b l e . r e a c t i o n ,  e v id e n c e  o f  w h ic h  h a s  b e e n  n o t e d  
b e f o r e .  The r e a c t i o n  was r e p e a t e d  u s i n g  v e r y  c a r e f u l l y  p u r i f i e d  s o l v e n t  
(R 43)• The a u t o c a t a l y t i c  e f f e c t  a t  low  e x t e n t s  o f  r e a c t i o n  was c o n f ir m e d  
and so  was th e  e x i s t e n c e  o f  an e q u i l i b r i u m .  A p o r t i o n  o f  t h e  r e a c t i o n  
m ix tu r e  was a l s o  h e a t e d  i n  a s e a l e d  tu b e  i n  an o v en  a t  8 0 ° (  t h e  
r e a c t i o n  t e m p e r a tu r e )  f o r  70 h o u rs  t o  g i v e  a m easure o f  t h e  p o s i t i o n  
o f  t h e  e q u i l i b r i u m .  A c o n s t a n t  v a lu e  o f  9 1 * 1 $  r e a c t i o n  was o b t a i n e d .
That t h i s  e f f e c t  was due t o  th e  e x i s t e n c e  o f  an e q u i l i b r i u m ,  was; 
c o n f ir m e d  by t h e  i n f r a - r e d  and th e  n u c l e a r  m a g n e t ic  r e s o n a n c e  s p e c t r a ,  
b o t h  o f  w h ich  i n d i c a t e d  t h e  p r e s e n c e  o f  about 10$  u n r e a c te d  m a l e i c
anhydride in  th e  r e a c t io n  m ix tu re . A g ra p h .o f  th e  r e s u l t s  o f t h i s  
experim en t, t r e a te d  as a sim ple second o rd e r r e a c t io n  i s  shown in
F ig u re  4 .1 .2 1 . The s lo p e  of t h i s  graph gave a v a lu e  o f ka = 9*94 x
- 5  - 1  - 110 s . A v a lu e  of 4*33 m° l  1 was c a lc u la te d  f o r  a u s in g  a f ig u re
o f 0 .9286  f o r  th e  r e l a t i v e  d e n s ity  o f th e  so lv e n t m easured a t  60° .
_5 _ i  _ i
Hence a va lu e  o f k = 2 .3  x 10 1 mol s was o b ta in e d . Also in c lu d ed
on th e  same graph (F ig u re  4 * 1 .2 1 .)  a re  th e  read in g s  from th e  e a r ly  p a r t  
o f th e  r e a c t io n ,  bo th  s c a le s  expanded by a f a c to r  o f seven , to  show 
th e  a u to c a ta ly t ic  e f f e c t .
The d a ta  were a lso  t r e a te d  as an a u to c a ta ly t ic  r e a c t io n  ( r a t e  
p ro p o r t io n a l  to  v/p) and as a r e v e r s ib le  a u to c a ta ly t ic  r e a c t io n  
(E = .911) u s in g  form ula ( 4 ) S ec tio n  2 .6 .7 .  These r e s u l t s  a re  shown 
in  F ig u re  4*1*22. The change of s lo p e  o f t h i s  graph w ith  tim e cou ld  
be ex p la in ed  by a value o f ^ / k ^  o f  about 2 .8  (k ^ /k ^  =0 . 36 ) 
which ag rees  n ic e ly  w ith  t h a t  determ ined  d i r e c t ly  by n u c le a r  m agnetic  
re so n an ce . ■ . '
O ther a lc o h o ls
The r e a c t io n  of th re e  m onofunctional a lc o h o ls  was s tu d ie d .  The 
a lco h o ls  used as model compounds were chosen because  o f th e  i n t e r e s t
in  th e  e f f e c t  o f  a lco h o l s t r u c tu r e  on th e  iso m e r is a tio n  r e a c t io n  and
n o t because o f i n t e r e s t  in  t h e i r  r e a c t io n s  w ith  m ale ic  an h y d rid e .’
M ethanol was used as one model compound because  o f i t s  s im i l a r i t y  
to  e th y len e  g ly c o l (e th y le n e  g ly co l b e in g  reg ard ed  a s  two m ethanol ' 
m olecu les jo in e d  to g e th e r)  and because o f th e  s im p l ic i ty  o f i t s  
n .m .r .  spectrum  and th e  s p e c tra  o f i t s  r e a c t io n  p ro d u c ts . The r e a c t io n  
o f m ethanol w ith  m aleic anhydride was v ery  d i f f i c u l t  to  s tu d y  because
o f th e  high r a t e  of r e a c t io n  above th e  m eltin g  p o in t  o f m ale ic  anhydride
( 5^ °) and i t s  a s so c ia te d  exotherm , and because o f th e  low b o i l in g  p o in t 
o f methanol (64° ) .  As w ith  th e  e th y le n e  g ly c o l r e a c t io n ,  ex cess  o f th e  
a lc o h o l in c re a se d  th e  r a t e  of the  r e a c t io n  so th a t  in  th e  case  o f
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m ethanol th e  r e a c t io n  was s u b s ta n t ia l ly  complete by th e  tim e th e  
anhydride had d is so lv e d . The k in e t ic s  o f th e  r e a c t io n  between 
equim olar q u a n t i t i e s  o f m ethanol and m aleic  anhydride was s tu d ie d  
a t  60° u s in g  th e  s ta n d a rd  tech n iq u e  (R 7 8 ) d e sc rib e d  in  S ec tio n  
2 .1 .2  and th e  d a ta  o b ta in ed  were c o r re c te d  fo r  any v a r ia t io n s  of 
tem p era tu re  from th a t  in te n d e d . The s p e c ia l  te ch n iq u e  d e sc rib e d  
in  S ec tio n  2 .1 * 4  "was a lso  used  f o r  t h i s  r e a c t io n  (R 80) and good 
agreem ent was o b ta in ed  by th e  two te c h n iq u e s . The d a ta  o b ta in ed  
ag reed  f a i r l y  w ell w ith  sim ple (u n c a ta ly se d )  2nd o rd e r  k in e t ic s  
ex cep t f o r  an i n i t i a l  a u to c a ta ly t ic  e f f e c t .  These r e s u l t s  a re  
shown in  F ig u re  4*1*23- Treatm ent o f th e  d a ta  as an a u to c a ta ly t ic  
r e a c t io n  (H + c><\/p) gave th e  graph shown in  F ig u re  4-1 .24*  Here 
th e  d a te  from b o th  r e a c t io n s  have been  combined on th e  same g rap h . 
A lthough th e  assum ption o f an a u to c a ta ly t ic  mechanism e x p la in s  th e  
i n i t i a l  slow s t a r t  to  th e  r e a c t io n ,  a l i n e  o f s low ly  red u c in g  s lo p e  
i s  o b ta in e d . In  th e  p l o t t i n g  o f t h i s  curve allow ance was made f o r  
an apparen t e q u ilib riu m  o f 95$ r e a c t io n  by u s in g  e q u a tio n  (3 )
S e c tio n  2 .6 * 7 . This curve could  be s tra ig h te n e d  by a llo w in g  f o r  
an i n i t i a l  c o n c e n tra tio n  o f 1$ o f m ale ic  a c id  by ap p ly in g  e q u a tio n  (2) 
S e c tio n  2 .6 .9 .  and u s in g  a va lue  of F = 0 .2  which was o b ta in ed  from 
th e  e x p e rim en ta lly  determ ined  value  Kb/Ka = 20 . A lthough t h i s  argument 
would seem to  be le g i t im a te ,  i t  i s  based  on a v a lu e  o f Kb/Ka de term ined  
in  aqueous s o lu t io n .  A com parison o f th e  r a t e  o f th e  u n c a ta ly se d  r e a c t ­
io n  w ith  th a t  o f th e  same r e a c t io n  in  th e  p resen ce  o f w ate r ( to  form  
m aleic  ac id ) in d ic a te d  th a t  a value  o f 5 would be a more r e a l i s t i c  
v a lu e  fo r  Kb/Ka. In  t h i s  case  i t  would be n e c e ssa ry  to  assume th e  
i n i t i a l  p resen ce  o f a t  l e a s t  o f m aleic  ac id  to  s t r a ig h te n  ou t th e  
c u rv e . A more p la u s ib le  e x p la n a tio n  i s  t h a t  m ethanol was s lo w ly  b e in g
l o s t  from th e  r e a c t io n  m ix tu re  which was only  4° below th e  b o i l in g  
p o in t  o f th e  a lc o h o l.  This lo s s  wmild g iv e  a low p e rc e n tag e  r e a c t io n
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( s in c e  i t  i s  assumed in  th e  c a lc u la t io n  th a t  th e re  a re  no lo s s e s  
from th e  system ) and would a lso  slow .down th e  r e a c t io n  as th e  
s to ic h io m e try  would he d is tu rb e d . Loss o f methanol would a lso  
e x p la in  the  maximum of 95$ r e a c t io n  o b ta in e d . The r e a c t io n  i s  
undoub ted ly  r e v e r s ib le ,  b u t .- a t -60?, a maximum p e rcen tag e  of r e a c t io n  
o f a t  l e a s t  98$ would be ex p ec ted . I t  was l a t e r  confirm ed by n .m .r .  
t h a t  m ethanol had been l o s t  from th e  system .
The r e a c t io n  o f t e r t i a r y  b u tan o l w ith  m aleic anhydride (R 154)
34was examined to  confirm  t h a t ,  as s ta te d  in  the l i t e r a t u r e  ' ,  t e r t i a r y  
a lc o h o ls  do n o t re a c t- 'w ith  m aleic an h y d rid e . This r e a c t io n  was 
examined sim ply by h e a tin g  equim olar q u a n t i t i e s  o f th e  two r e a c ta n t s  
in  a sample tube in  an oven a t  50°- The u su a l a c id im e tr ic  te c h n iq u e  
o f d e te rm in in g  th e  amount o f r e a c t io n  was found to  be u n r e l ia b le  due 
to  th e  lo s s  o f some o f th e  v o l a t i l e  a lco h o l du rin g  th e  sam pling o f 
th e  r e a c t io n  m ix tu re . This gave a p p a re n tly  n e g a tiv e  r e s u l t s  f o r  th e  
amount o f r e a c t io n .  The r e a c t io n  was, th e r e fo r e ,  s tu d ie d  by n .m .r .  
which showed th a t  a very  slow re a c t io n  d id  occu r. S ix  days a t  5$° 
were re q u ire d  to  g iv e  a 10$ r e a c t io n .  Longer r e a c t io n  tim es caused  
d is p ro p o r tio n a tio n  of th e  m o n o te rt-b u ty l m aleate in to  m aleic  a c id  and 
d i t e r t -b u ty l  m a lea te , th e  m aleic  ac id  c r y s t a l l i s i n g  from th e  m ix tu re . 
Thus, a lthough  th e  r e a c t io n  d id  occur v e ry  slow ly , and y ie ld s  o f  a t  
l e a s t  50$ could  be o b ta in ed , the  pure m onoester was n o t i s o la t e d  due 
to  i t s  d is p ro p o r tio n a tio n . The k in e t ic s  o f the  a d d it io n  r e a c t io n  
b e fo re  any m ale ic  ac id  was formed were a u to c a ta ly t ic  ( > /? ) .  These 
a re  shown in  F ig u re  4*i»25 (based  on eq u a tio n  ( 3 ) S e c tio n  2 .6 .9 )*
To s t a r t  th e  r e a c t io n  th e  p resen ce  o f O .l/m o l$  o f  m ale ic  ac id  was 
assumed (Kb/Ka = 5* F = «005)).
Prolonged r e a c t io n  a t  50° in  a p o ly th en e  capped tube  produced a 
q u a n t i ta t iv e  y ie ld  of m ale ic  ac id  as th e  only  p ro d u c t, th e  t e r t i a r y  
b u ty l  groups b e in g , presum ably, l o s t  as iso b u ten e .
decom position d is p ro p o r tio n a tio n
CH-CO-OH
II
CH-CO-OH ch- co- o- c ( ch3) 3
T his decom position  i s  th e  re v e rs e  o f th e  normal l i t e r a t u r e  
p re p a ra t io n  o f  t e r t i a r y  b u ty l  e s te r s  o f  m aleic a c id .
The r e a c t io n  o f phenol w ith  m aleic  anhydride was a lso  examined 
hy th e  tech n iq u e  d esc rib ed  above. In  t h i s  case , th e  l i t e r a t u r e  was
The r e a c t io n  between 2-m ethoxyethanol and m aleic  anhydride  (R186)
in d ic a te d  th a t  th e  k in e t ic s  o f th e  r e a c t io n  were d e f in a te ly  a u to c a ­
t a l y t i c .  The r e s u l t s  a re  shown in  F ig u re  4*1*26 . as a p lo t  o f  YB . 
a g a in s t  tim e (eq u a tio n  5 S ec tio n  2 .6 .4 . ) •  Although th e  r e s u l t s  showed 
a d e f in a te  d e v ia tio n  from th e  s t r a ig h t  l in e  of th e o ry ,th e  agreement was 
much b e t t e r  th an  was o b ta in ed  w ith  any o th e r  th e o r e t ic a l  tre a tm e n t 
exam ined.
Two o th e r  a n h y d rid e /a lc o h o l r e a c t io n s  examined were th o se  betw een 
m ale ic  anhydride and 2 -d im ethy lam ino-e thano l ( r118), and betw een 
m aleic  anhydride and g ly c o l l i c  aCid (h y d ro x y ace tic  ac id )(R 1 5 0 ), 
a lth o u g h  no k in e t ic  d a ta  was o b ta in ed  f o r  e i th e r  r e a c t io n .
The a d d itio n  of m aleic anhydride to  2-dime thylam inoethanol gave a 
v e ry  v igorous re a c tio n  and r e s u l te d  in  a re d  stic lcy  product from which 
a w hite c r y s ta l l in e  s o lid  could be i s o la te d .  The same c r y s ta l l in e  
p ro d u ct, 2-dim ethylam inoethyl hydrogen m aleate was a lso  made sim ply by 
mixing acetone so lu tio n s  of the  two r e a c ta n ts  and allow ing th e  p roduct
c o r r e c t  and no r e a c t io n  o ccu rred  even a f t e r  long  p e r io d s  a t  50 o
was s tu d ie d  a t  80° by bo th  ac id im e try  and n .m .r . ,  b o th  of which
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G -lycollic acid  re a c te d  only slow ly v/ith m aleic anhydride when 
h ea ted  a t  80°. N .m .r. an a ly s is  of th e  product a f te r  heating  overn ight 
showed th a t  an im portant secondary re a c tio n  in  th i s  case was th e  
dehydration  of the g ly c o l l ic  ac id  to  form th e  g ly c o ll id e  • The re a c t io n  
p roduct v/as th e re fo re  a m ixture of the  d e s ire d  carboxymethyl m alea te , 
g ly c o l l id e ,  and m aleic acid(form ed from anhydride and w ater) which 
c r y s ta l l i s e d  from the  re a c t io n  m ix tu re .
O ther G lycols
The a d d itio n  e s t e r i f  ic a t io n  r e a c t io n  was a lso  in v e s tig a te d  w ith  
hexamethylene g ly c o l (h e x a n -l,6 -d io l) , b u ta n -2 ,3 -d io l and propylene 
g ly c o l .  The choice of g ly c o ls  was d ic ta te d  "by in te r e s t  in  th e  e f f e c ts  
of th e se  g ly co ls  on m aleate iso m erisa tio n .
The r e a c t io n  of h ex an -l,6 ~ d io l w ith  m aleic anhydride was s tu d ie d  
using  m olar r a t io s  of 1 : 1 (B = 2:Rl38)and  ^ : 2 (B = 1;R145) a t  60°.
In  b o th  c a se s , some d i f f i c u l ty  was caused by th e  h igh  r a t e  o f r e a c t io n ,  
th e  exotherm, and by th e  p a r t i a l  m is c ib i l i ty  of th e  two r e a c ta n ts  
during th e  e a r ly  s tag es  o f th e  r e a c t io n . Thus when B = 2, by th e  
tim e a  c le a r  s o lu tio n  was ob ta ined , th e  m ixture was a lread y  25% r e a c te d . 
And, when th e  re a c tio n  was 15% com plete, hexan—1,6-b is(hydrogen  m aleate) 
s ta r te d  to  c r y s ta l l i s e  from th e  re a c tio n  m ix. Hence in  t h i s  case th e  
experim ent was not v e ry  a c c u ra te . The r e s u l t s  ob ta ined  in  th e se  two 
re a c tio n s  (v/hen B = 1 and B = 2) a re  shown, f o r  simple 2nd o rder k in e t ic s  
in  F igure  4*1 *27. Agreement here i s  reasonab le  except a t  th e  e a r ly  
s tag e  o f th e  r e a c t io n .  Treatment of th e  d a ta  as an a u to c a ta ly tic  ( J p )  
r e a c t io n  gave an improved agreement during th e  e a r ly  p a r t  of th e  r e a c t io n  
(F igure 4*1 *28). The f a c t  th a t  a s tr a ig h t  l in e  was ob ta ined  im p lies  
th a t  th e  -OH groups on the  h e x a n - l ,6 -d io l  have the  same r e a c t iv i ty  as  th e  
rem aining group on th e  g ly c o l m onoester. This i s  a  reasonab le  
conclusion  since  s u b s t i tu t io n  of a hydrogen atom a t  one end of th e  
molecule would be u n lik e ly  to  a f fe c t  th e  r e a c t iv i ty  of an -OH group 
which i s  e ig h t atoms ay/ay.
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The r e a c t io n  between b u ta n -2 ,3 -d io l and m aleic anhydride was 
r e l a t iv e ly  slow and was th e re fo re  examined a t  80° using  equimolar 
q u a n ti t ie s  of the  two re a c ta n t (R149) • The percentage re a c t io n  was
determ ined by t i t r a t i o n  of th e  hydrolysed s o lu tio n  and by n .m .r . The 
re a c t io n  showed a c le a r  a u to c a ta ly tic  e f f e c t .  The d a ta  were t r e a te d
c a ta ly t ic  re a c tio n  Im plies th a t  th e  r e a c t iv i ty  o f an -OH group i s  n o t 
a f fe c te d  by th e  e s t e r i f  ic a t io n  o f th e  o th e r -OH group as i t  i s  in  th e  
case of e thy lene  g ly c o l. This could  be m ainly due to  th e  strong  
d e a c tiv a tin g  e f f e c t  of the  methyl group, swamping the e f f e c t  due to  
th e  e s te r  i f  ic a t io n  of the  p  -OH group. I t  has not been p o ss ib le  to  
check t h i s  hypothesis  by an independant technique •
Since propylene g ly c o l (p ro p an -1 ,2 -d io l) i s  the  most im portan t 
g ly c o l used in  th e  canm ercial p rep a ra tio n  of p o ly e s te r  r e s in s ,  th e  
k in e t ic s  o f i t s  re a c tio n  w ith  m aleic anhydride were a lso  examined.
In  t h i s  ca se , th e  k in e t ic s  should be v e ry  complex s ince  th e re  a re  two 
m onosubstitu ted  p roducts in  a d d itio n  to  the  d is u b s t i tu te d  p ro d u c t. 
Thus, th e re  are  fo u r p o ss ib le  r e a c t io n s ,  th e  r a te s  of which a re  
determ ined by d if f e re n t  r a t e  c o n s ta n ts :
as a  simple 2nd o rder re a c t io n  and as an a u to c a ta ly tic  (>/?”) r e a c t io n ,  
and a re  shown in  F igu res 4*1 *29-30. The s tr a ig h t  l in e  fo r  the  a u to -
ro- ch2-ch- oh
ho- ch9- ch- oh
^ i 
CH
RO-CH -CH-0R2 j
V
where R i s  a  hydrogen m aleate group.
30In  the  l i t e r a tu r e  i t  has norm ally been assumed th a t  only  th e  p rim ary  
group re a c ts  and th a t  th e  product i s  e x c lu s iv e ly  RO-CH2-CH(CH^)-OH.
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j.nc jL-etujc-xuii vva.ij uaxTicu ouo usxiJg equimuxur qucinuiuies oi xne 
two re a c ta n ts  a t  60° (B = 2:R108) and using two m aleic anhydride to  one 
g ly c o l molecule a t  80° (B = 1:R3^) • In  both  cases the r e s u l t s  were 
t r e a te d  as simple 2nd o rder k in e t ic s  by assuming k l  = k2 = k3 = k4 
and r a t e  o< [anhydride] [-0H | .The r e s u l t s  a re  shown in  F igure (4*1 *31)
(B = 2) and F igure 4*1 «32 (B = l ) «  In  th e  1 s t  case th e  r e s u l t s  agree 
w e ll w ith  sim ple 2nd order k in e t ic s  bu t in  th e  o th e r , an a u to c a ta ly t ic  
e f f e c t  i s  ind icated*  The r e s u l t s  t r e a te d  as an a u to c a ta ly t ic  r e a c t io n  
r a te  o< [anhydride] [~0H| [Acid] 2 J are  a lso  shown in  th e  same 
f ig u re s  (again  assuming k l  = k2 = k3 = k4) and a re  more c o n s is te n t 
w ith  th e  expected curves fo r  a  complex s e t  of fo u r re a c tio n s  having 
d if fe r in g  v a lu es  fo r  k l ,  k2, k3 and k4.
Although i t  was no t p o ss ib le  to  determ ine th e  amounts o f the  
th re e  p roducts (U,V,  and z )  independently , th e  p ro p o rtio n  of prim ary 
a lco h o l s u b s t i tu te d  to  secondary a lco h o l s u b s t i tu te d  ((U + Z ) / ( V  + Z ) )  
could  be determ ined from th e  n .m .r sp e c tra . For th e  equim olar r e a c t io n  
(B = 2 ) ,  th e  f i n a l  product con ta ined  70/° of prim ary e s te r  and 30^  o f 
secondary e s te r .
P h th a lic  anhydride re a c tio n s
Since most commercial p o ly e s te r  r e s in s  a re  made from m ix tu res o f
p h th a lic  and m aleic anhydrides, the  re a c t io n  of p h th a lic  anhydride w ith
g ly c o l i s  obviously  of i n t e r e s t .  The r e a c t io n  has a lread y  been
31e x te n s iv e ly  s tu d ie d  , and has been re p o rte d  to  fo lio w  sim ple 2nd o rd er 
k in e t ic s .  In  view of the r e s u l t s  ob ta ined  in  th e  p re sen t work w ith  
m aleic anhydride i t  i s  p o ss ib le  th a t  the  k in e t ic s  could  be ex p la in ed  
by an a u to c a ta ly tic  r e a c t io n .  A few sim ple experim ents were c a r r ie d  
out w ith  p h th a lic  anhydride and g ly c o l a t  a I o y /  tem perature (R123) •
At 60° th e  r a te  of so lu tio n  of the anhydride in  th e  g ly c o l was v e ry  
slow . At 100° th e  r a t e  of so lu tio n  was more r a p id  bu t r e a c t io n  was 
s t i l l  s u b s ta n t ia l ly  complete by th e  time a l l  th e  anhydride had 
d isso lv ed . The re a c tio n  was c o n tro lle d  by th e  r a te  of d is s o lu tio n  in  
the  g ly c o l and took about 1 hour a t  100° ■
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xne re a c t io n  ox n mo-Le ox pncneu-ic annyariae , i mo-Le ox m aieic 
anhydride, and 2 mole of g ly co l (a  ty p ic a l  commercial s ta r t in g  m ixture) 
was t r e a te d  as above (R124). At 60° an exotherm ic re a c tio n  occurred  
and th e  m aleic anhydride d isso lv ed  and re a c te d , bu t the  p h th a lic  
anhydride d id  no t com pletely  d isso lv e  u n t i l  th e  m ixture had been 
h ea ted  f a r  1 hour a t  100°. From th ese  r e s u l t s  i t  can be seen th a t  th e  
m aleic anhydride i s  much more r e a c tiv e  th an  th e  p h th a lic  anhydride, or 
more c e r ta in ly  i t  r e a c ts  befo re  the p h th a lic  anhydride. T his w i l l  have 
an im portant bearing  on subsequent re a c tio n s  because th e  m aleic 
anhydride e f fe c t iv e ly  r e a c ts  w ith  a  IQQffo excess of g ly c o l.  This 
means th a t  th e  product w i l l  co n ta in  a  h igh  y ie ld  o f  th e  g ly c o l m onoester 
(compared w ith  d ie s t e r ) .  Subsequent r e a c t io n  w ith  p h th a lic  anhydride 
would of course reduce th e  amount of t h i s  compound. The f i n a l  r e a c t io n  
product in  th i s  case would be a complex m ixture o f tv/o m onosubstitu ted  
g ly c o l e s te r s ,  th re e  d is u b s t i tu te d  g ly c o l e s te r s ,  and u n reac ted  glycol©
Of th e se  p ro d u c ts , th re e  co n ta in  m aleate groups and are  capable o f 
undergoing isom erisation©
Conclusions
The p re sen t study o f th e  a d d itio n  e s te r  i f  ic a t io n  has shown th re e  
-im portant f a c to r s  no t previously , d escrib ed . These are .the a u to c a ta ly t ic  
n a tu re  of the  re a c t io n , the d iffe re n c e  in  r e a c t i v i t i e s  between th e  g ly c o l 
and the m onosubstitu ted  p ro d u c ts , and th e  ex is ten ce  of an eq u ilib riu m  
in  th e  r e a c t io n . These l a s t  two fa c to rs  are im portant in  th e  way in  
which th ey  a f fe c t  subsequent r e a c t io n s .  „
The ex is ten ce  of a eq u ilib riu m  in  th e  a d d itio n  e s t e r i f  ic a t io n  
re a c t io n  was ev iden t only  when eq u iv a len t q u a n ti t ie s  of a lco h o l and 
anhydride were used . Even.under th ese  c o n d itio n s , th e  r e a c t io n  a t ta in e d  
about 98^  com pletion, so th a t  i t  was d i f f i c u l t  to  d is t in g u is h  between 
an equ ilib riu m  and an incom plete r e a c t io n .  T his eq u ilib riu m  was more 
pronounced a t  h igher tem peratures (an endothermic re a c t io n  opposing an 
exotherm ic re a c tio n )  and in  re a c tio n s  in  so lu tio n  (1 s t o rder opposing 
2nd o rder r e a c t io n ) .  At 100° a maximum of 90/^ re a c t io n  was ob ta ined
fo r  the  g ly co l/m ale ic  a n h y d rid e 're a c tio n . This was a lso  conformed by 
h ea tin g  g ly c o l b is (  H m aleate) fo r  long p eriods a t  100° when up to  20% 
of th e  o r ig in a l  m aleic anhydride was recovered  (polycondensation  a lso  
occurred  slow ly a t  th i s  tem p era tu re ), When m ethoxyethanol was used 
as a  model compound, again  an equ ilib riu m  of about 95/^ was d e te c te d  
a t  80°• A fte r  h ea tin g  a t  150°, fo r  iso m erisa tio n  s tu d ie s , an amount 
o f ‘m aleic anhydride in  excess of 20/o was .detected  even a f te r  coo ling  
and s to r in g  a t  room tem peratu re .
In  commercial p o ly e s te r i f ic a t io n  the  e f fe c t  o f t h i s  eq u ilib riu m  
would no t be n o tic ed  a t  an e a r ly  s tag e  o f the  re a c tio n  due to  th e  
presence o f excess a lcoho l g roups. But as the  re a c t io n  nears  i t s  
end and tem peratures o f over 200° a re  u sed , the co n cen tra tio n  of 
a lco h o l groups and a c id  end groups both  become sm all. Under th e se  
c o n d itio n s , th e  ex is ten ce  o f an eq u ilib riu m  becomes im portant and i t  
i s  l ik e ly  th a t  th e  decrease in  ac id  value a t  t h i s  s tage  i s  due alm ost 
e n t i r e ly  to  the  rev e rse  d isp ro p o rtio n a tio n  r e a c t io n .
Comparison of r e a c t iv i t i e s  of a lco h o l groups
I t  i s  in te re s t in g  to  compare th e  r e l a t iv e  r e a c t iv i t i e s  of the 
-OH groups of v a rio u s  a lco h o ls  and g ly c o ls  d iscu ssed . In  Table *5 
are  shown th e  v a lu es ob tained  when the  r e s u l t s  gave s t r a ig h t  l in e  graphs 
f o r  second order k in e t ic s ,  i . e .  where r a te  = k[anhydride] [-Oh ]
I t  was of course assumed in  t h i s  trea tm en t th a t  a l l  the  -OH groups 
on the g ly c o ls  and th e i r  m onosubstitu ted  products had th e  same 
r e a c t iv i ty .  The va lues ka were ob ta ined  from th e  slopes of th e  g rap h s . 
The v a lu es  of 'a '  were measured fo r  e thy lene g ly c o l bu t were c a lc u la te d  
in  a l l  o ther cases by comparing the m olecular volumes of the  r e a c ta n ts .
As can be seen from th e  r e s u l t s  th e re  i s  a  d iscrepancy  between th e  v a lu es  
o f k fo r  ethylene g ly c o l a t  th e  two molar r a t i o s ,  as a lread y  d iscu ssed  
(Compare Nos. 1 and 4> 2 and 5-> 3 and...6), and a d iscrepancy  between 
th e  e thy lene g ly c o l bulk  and so lu tio n  r e a c tio n s  (Compare 6 and 7)*
TABLE 4  • 1_. 5. _
-1  -1.No Alcohol B Temp 106k a (sH ) a(m ol/l) 10 k ( l  mol'
1 -E- 2 60 172 7 .8 22
2 -E - 2 70 343 7 .8 44
3 -E- 2 80 607 7 .8 78
4 -E - 1 60 140 1 0 .1 14
5 -E - 1 70 277 1 0 .1 27.5
6 ‘ -E - 1 80 501 1 0 .1 49.7
7 -E - 50% 1 80 99.4 4.33 23
8 M- 1 60 1730 8.9 196
9 -H- 2 60 922 5 .0 I 84
10 ' -H- 1 60 129 6 7 .44 174
n -P s- 2 60 38.4 6.75 8 .7
In  ta b le  4*1 .6  th e  d a ta  a re  t r e a te d  as an a u to c a ta ly tic  re a c t io n  
as a lread y  d escrib ed , th a t  i s  where r a te  = k fanhydridej £~Orlj ^product] 2 
Here i t  was p o ss ib le  to  g ive a r e s u l t  fo r  a l l  the a lco h o ls  fo r  which 
k in e t ic  measurements were made. The v a lu es o f k  ^ fo r  e thy lene  g ly c o l 
and k (k^) fo r  g ly c o l mono (hydrogen m aleate) a re  those used  to  produce 
th e  computer p red ic te d  curves to  f i t  th e  experim ental r e s u l t s .
TABLE 4 .1 .6
, - l i  -1 'N o.:: ’Alcohol B Temp lO ^ a ^ C s ”1) a (m o l/l) 106k ( l1 4 o l '
1 -E- 1 60 320 1 0 .1 10
2 -M-E- . 1 60 140 1 0 .1 4 .4
3 -E- 2 60 288 7 .8 1 3 .2
4 -M-E- 2 60 103 7 .8 4 .7
5 -E- 50% 1 80 350 4.33 39
6 -M-E- 50^ 1 80 127 4.33 14 .1
7 A-E- 1 80 276 6 .0 18.8
8 M- 1 60 3200 8 .9 120
9 B t- 1 50 0.91 5.9 O.O64
10 M-E- 1 80 407 6 .5 1 24.4
11 -H- 1 60 1800 7>44 8 8 .5
12 -H- 2 60 1056 5 .0 94
13 -sB s- 2 80 84.8 6.18 5.52
14 -P s- 1 80 440 9.22 15.7
15 -P s- 2 60 107 6.75 6 .1
' S
N otice th a t  the  d iscrepancy between th e  two v a lu es of k a t  the  two 
molar r a t io s  has been reduced (compare 1 and 3 ) ari<3. the  d iscrepancy  
between th e  bu lk  and s o lu tio n  re a c tio n s  has been almost e n t i r e ly  
e lim in a ted  (when allowance i s  made fo r  the  d iffe re n c e  in  th e  re a c t io n  
tem p e ra tu re s ) . The agreement in  bo th  cases i s  r e a l l y  f a i r l y  good when 
one r e a l i s e s  th a t  the  v a lu es  are  ob ta ined  from th e  i n i t i a l  r a te s  of the 
re a c tio n s  and th ese  a re  v e ry  s e n s it iv e  to  th e  presence of c a ta ly s t  
im p u ritie s . The agreement between the  two v a lu es  of k f o r  h ex an -1 ,6 -d io l 
a t  th e  two molar co n cen tra tio n  i s  a lso  good (Nos. 11 and 12) e s p e c ia l ly  
when th e  d i f f i c u l t i e s  in  carry ing  out th ese  re a c tio n s  are  co n sid e red .
The two v a lu es  fo r  g ly co l monomaleate (Nos. 2 and 4 ) show reasonab le  
agreem ent, th ese  were ob tained  from k2 of th e  ethy lene g ly c o l r e a c t io n s .
A comparison between the  r e a c t i v i t i e s  of th e  -OH groups based on 
th e  above f ig u re s ,  i s  b e s t  made by reference to  Table 4.1*7> here th e  
v a lu es  a re  p resen ted  in  decreasing  o rd e r, th e  use of d if f e r e n t  r e a c t io n  
tem peratures has been allowed fo r  by c a lc u la tin g  the  value .of k a t  60°. 
This was done by assuming th a t  the  a c t iv a t io n  en erg ies  of a l l  th e  
a lcoho ls  were id e n t ic a l  w ith  th a t  determ ined f o r  e thy lene g ly c o l .
■ TABLE 4 .1 .7
R e a c tiv i t ie s  of -OH groups ( r e la t iv e  to  e thy lene g ly co l)
1 MeOH 12
ho(ch2) 6oh 9
3 ho(ch2)2oh 1
4 Propylene g ly c o l 0 .7
5 G lycol monomethyl e th e r ° .7
6 G lycol monomaleate 0 .5
7 G lycol monoacetate 0 .5
8 Propylene g ly co l °*2 ._
9 B utan-2 ,3 -d io l 0 .15
10 t-b u ta n o l 0 .001
These r e a c t i v i t i e s ,  o f course , r e f e r  to  s in g le  -OH groups. The 
va lue  ob ta ined  fo r  propylene g ly c o l from the i n i t i a l  r a te  of th e  
re a c tio n  (B  = l )  has been d iv ided  in to  two components to  re p re se n t
th e  prim ary and th e  seco n d a ry  -OH group  and was "based on t h e i r  r e l a t i v e  
r e a c t i v i t i e s  a s  d eterm in ed  b y  n .m .r .
The r e s u l t s  show a c o n s is te n t tre n d . Methanol and h e x a n - l,6 -d io l 
(where th e  -OH groups are  reasonab ly  f a r  a p a rt)  r e a c t  much f a s t e r  than  
th e  o th er a lco h o ls , a l l  of which (except t-b u ta n o l)  co n ta in  two oxygen 
atoms sep ara ted  by only an e thy lene or s u b s ti tu te d  e thy lene group.
The m o n o fu n c tio n a l g l y c o l  m a le a te , g l y c o l  a c e t a t e ,  and g l y c o l  m onom ethyl 
e th e r  a l l  show f a i r l y  s im i la r  r e a c t i v i t i e s ,  about h a l f  t h a t  o f  e th y le n e  
g l y c o l .
The e f fe c t  o f a  o( m ethyl group in  ethylene g ly c o l i s  to  reduce 
th e  r e a c t iv i ty  by a f a c to r  of about 5 (compare 8 and 9 w ith  3 )•  A m ethyl 
group in  th e  £  p o s it io n  a lso  reduces th e  r e a c t iv i ty  s l ig h t ly  (compare 4  
w ith  3j 9 w ith  8 ) .  Two m ethyl groups in  th e  ex p o sitio n , as in  
te r t - b u ta n o l ,  d r a s t i c a l ly  reduces th e  r e a c t iv i ty .  A ll th e se  o b serv a tio n s  
co u ld  be exp la ined  by s te r i c  e f f e c t s .
The d iffe re n c e  between the  r e a c t i v i t i e s  of methanol and g ly c o l i s  
more d i f f i c u l t  to  e x p la in . Before t h i s  can be d iscussed  th e  a c tu a l  
mechanism of the  re a c tio n  should be considered .
Although the mechanism of e s te r i f i c a t io n  has been e x te n s iv e ly  
s tu d ie d  th e re  i s  l i t t l e  inform ation  a v a ila b le  on the mechanism o f 
a d d itio n  e s te r i f i c a t io n  w ith  even a  simple anhydride such as a c e t ic  
anhydride. The normal assumption made i s  th a t  th e  mechanism i s  the  
same as th a t  of narmal e s te r i f i c a t i o n .  Applying th e  S^2 (A^,2) 
mechanism to  th e  re a c t io n  of e thy lene g ly c o l and m aleic anhydride we 
O btain th e  re a c tio n  scheme shown o v e r le a f .
Thus the  k in e t ic s  should be : R a t eo<Jalcohol] ^anhydride] JjH J 
and provided  th e  so lv a tin g  power of the r e a c t io n  m ixture does n o t 
change during the  re a c tio n  : Rate°<|alcoho!^ [^anhydride] [jproductsj 2
0 
/  \
CO CO + H'.+
f a s t
\ /
CH=CH
>  CO CO 
\ /
CH=CH
H (^OH+ slow H OHI I
■$> H0-CHo-CH -O-CO CO 2 2 \  /
H OH f a s tI i
HO-CH -CHo-0 -C 0  CO2 2 v / ■S* H0-CHo-CHo-0-C 0  CO-OH 2 2 \ /
CH=CH
+ H.+
The k in e t ic s  are th e re fo re  c o n s is te n t w ith  the above mechanism
as a re  th e  r e la t iv e  r e a c t i v i t i e s  o f th e  v a rio u s  a lc o h o ls . The lower
r e a c t iv i ty  of e thy lene g ly c o l compared w ith  m ethanol could  be ex p la in ed
b y  an in d u ctive  e f f e c t  due to  the oxygen Y/hich reduces th e  e le c tr o n
co n cen tra tio n  on th e  o th er oxygen atom and makes i t  le s s  e f f e c t iv e  as
a  n u c le o p h ilic  re a g e n t. T his e f f e c t  i s  le s s  pronounced in  hexanedio l
due to  th e  g re a te r  sep a ra tio n  of th e  two -OH groups. The r e l a t iv e
r e a c t i v i t i e s  of the v a rio u s  a lcoho ls  a re  n o t, however, c o n s is te n t w ith
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those of normal simple e s te r i f i c a t io n  • This can be seen by th e  
comparison o f th e  d a ta  in  Table 4*1*8•
TABLE 4.1*8
R ela tiv e  r e a c t i v i t i e s  o f a lcoho l to  e s te r i f i c a t io n  and to  a d d itio n  
e s te r i f i c a t io n  w ith  m aleic anhydride.
L6Alcohol E s te r i f i c a t io n  Addit ion  e s t  e r  i f i c  a t  ion
Methyl 1 1
H e x an -l,6 -d io l * .75
E th y l
i - p r o p y l
g l y c o l
p ro p y len e  g ly c o l ( 2 n d - a r y  -OH)
t - b u t a n o l
p h e n o l
1.15
.69
.97
.53
.69
0
.085
.017
.0001
Norm al c o n d e n sa tio n  e s t e r i f i c a t i o n  i s  s a id  t o  b e  l i t t l e  a f f e c t e d  b y  
p o la r  s u b s t i t u t e s  i n  th e  a l c o h o l s .  T h is  can  be s e e n  from  th e  T a b le ,
■where e th y le n e  g l y c o l  i s  n e a r ly  a s  e f f e c t i v e  a s  m ethanol in  norm al 
e s t e r i f i c a t i o n ,  b u t i s  much l e s s  e f f e c t i v e  in  th e  r e a c t io n  under  
c o n s id e r a t io n .  A com p arison  o f  e th a n o l  and iso p r o p a n o l f o r  norm al 
e s t e r i f i c a t i o n ,  and e th y le n e  g l y c o l  and p r o p y le n e  g l y c o l  f o r  th e  p r e s e n t  
r e a c t io n ,  shows th a t  th e  s t e r i c  e f f e c t  a l s o  seem s more pronounced in  
th e  p r e s e n t  c a s e •
One f a c t o r  th a t  h a s  n o t b een  ta k e n  in t o  accou n t i s  th e  e f f e c t ­
iv e n e s s  o f  th e  b u lk  m ix tu r e , a s  a  b a se  f o r  s o lv a t in g  th e  p r o to n a tin g  
c a t a l y s t .  A s tr o n g e r  b a se  w ou ld  g iv e  a  h ig h e r  c o n c e n tr a t io n  o f  hydrogen  
i o n s  from  th e  a c id ,  b u t c o u ld  make i t  l e s s  e a s y  f o r  th e  p ro to n  t o  b e  
t r a n s f e r r e d  t o  th e  anhyd ride m o le c u le . The hydrogen io n  c o n c e n tr a t io n  
c o u ld  a l s o  depend on th e  a b i l i t y  o f  th e  r e a c t io n  m ix tu re  t o  s o lv a t e  th e  
a n io n . T hus, i t  i s  d i f f i c u l t  t o  s a y  what e f f e c t  v a r y in g  th e  s o lv e n t  
w ou ld  have on t h e  c o n c e n tr a t io n  o f  p r o to n a te d  anhydride m o le c u le s  and  
th e  r a t e  o f  r e a c t io n .
That t h i s  i s  n o t  th e  e x p la n a t io n  o f  th e  o b se r v ed  r e l a t i v e  
r e a c t i v i t i e s ,  can  b e  s e e n  from  th e  r e l a t i v e  r a t e s  o f  th e  c o n d e n s a t io n  
e s t e r i f i c a t i o n ,  w h ich  a re  d is c u s s e d  in  th e  n e x t  s e c t i o n ,  and v/h ich  are  
c o n s is t e n t  w ith  th o s e  o f  norm al e s t e r i f i c a t i o n .  Arguments ab ou t th e  
s o lv a t in g  power o f  th e  s o lv e n t  in  th e  b u lk  r e a c t io n  m ix tu re  sh o u ld  
a p p ly  e q u a l ly  w e l l  to  th e  a d d it io n  e s t e r i f i c a t i o n  and t o  th e  c o n d e n s a t io n  
e s t e r i f i c a t i o n  w hich  f o l lo w s  i t .  An e x p la n a t io n  o f  r e l a t i v e  
r e a c t i v i t i e s  o f  a lc o h o ls  must e x p la in  th e  v a lu e s  o b ta in e d  in  b o th  
r e a c t io n s .  T h is  w i l l  be r e f e r r e d  t o  a g a in  i n  th e  n e x t  s e c t i o n .
4*2. Condensation e s ter ifica tio n .
In  th e  p r e p a r a tio n  o f  com m ercia l p o ly e s t e r  r e s i n s  th e  m ix tu re  
o f  g l y c o l  and an h yd rid e i s  g e n t ly  h e a te d  t o  s t a r t  th e  i n i t i a l  e x o th erm ic  
a d d it io n  e s t e r i f i c a t i o n .  Once t h i s  s ta g e  i s  c o m p le te , h e a t in g  i s  
r e s t a r t e d  so  t h a t  th e  c o n d e n sa tio n  e s t e r i f i c a t i o n  can  p r o c e e d . At 
some s ta g e  d u rin g  t h e  p r e p a r a t io n  p a r t i a l  o r  n e a r ly  com p lete  
i s o m e r is a t io n  o f  m a le a te  grou p s in t o  fum arate  o c c u r s .  P r e v io u s  
w ork ers who have s tu d ie d  th e  i s o m e r is a t io n  r e a c t io n  ( s e e  S e c t io n  l )  
h ave m easured th e  o v e r a l l  r a t e  o f  th e  i s o m e r is a t io n  r e a c t io n  and t h e i r  
m athem atical tre a tm e n t o f  th e  r e s u l t s  have made no a llo w a n c e  f o r  th e  
v a r io u s  compounds p r e s e n t  a t  th e  v a r io u s  s t a g e s  o f  th e  r e a c t io n .
The r e s u l t s  o f  t h e  p r e s e n t  work show t h a t  v i r t u a l l y  no isom ­
e r i s a t i o n  o ccu rs  d u rin g  r e l a t i v e l y  lo w  tem p eratu re  a d d it io n  c o n d e n s a t io n .  
T h us, th e  is o m e r is a t io n  and th e  c o n d e n sa t io n  e s t e r i f i c a t i o n  o ccu r  
s im u lta n e o u s ly . At th e  s t a r t  o f  t h i s  seco n d  s ta g e  o f  th e  r e a c t io n  we 
h a v e , i n  th e  c a s e  o f  th e  s im p le  r e a c t io n  b etw een  e th y le n e  g l y c o l  and  
m a le ic  a n h y d r id e , th r e e  r e a c t a n t s  th a t  ta k e  p a r t  mn th e  e s t e r i f i c a t i o n  
( - E - ,  -M -E- and -M-E-M-) and two t h a t  are  ca p a b le  of. i s o m e r is a t io n  
(-M-E and -M -E-M -). I f  p ro p y len e  g l y c o l  i s  u se d  t h e r e  a r e  i n i t i a l l y  
fo u r  com ponents ( - P s - ,  -M -Ps, -P s-M - and -M -Ps-M -) o f  w h ich  t h r e e  
ca n  is o m e r is e .  In  a  s im p le  com m ercia l r e s i n  from  p r o p y le n e  g l y c o l ,  
m a le ic  anhyd ride and p h t h a l ic  a n h y d rid e , a t  th e  s t a r t  o f  th e  
p o l y e s t e r i f i c a t i o n ,  th e r e  a re  n in e  com ponents p r e s e n t  o f  w h ich  f i v e  
can  is o m e r is e .
The o b j e c t  o f  th e  s tu d y  o f  th e  c o n d e n sa t io n  e s t e r i f i c a t i o n  was 
t o  g a in  in fo r m a tio n  about th e  compounds p r e s e n t ,  so  th a t  th e  i s o m e r is a t io n  
c o u ld  be more e a s i l y  u n d e r s to o d . _ A lth ou gh  b o th  th e  e s t e r i f i c a t i o n  
and is o m e r is a t io n  r e a c t io n s  occu r  a t  th e  same tim e  i t  i s  a p p r o p r ia te  
t o  d i s c u s s  th e  e s t e r i f i c a t i o n  f i r s t  s in c e  th e  r a t e  o f  i s o m e r is a t io n  
i s  more dependent on th e  d egree  o f  e s t e r i f i c a t i o n ,  th an  th e  r a t e  o f
c s  otjx-xi iuciuiuxi i s  on xne a eg ree  or i s o m e r ls a x io n . Tiae c o n d e n sa t io n  
e s t e r i f i c a t i o n  r e a c t io n  w i l l  o f  c o u r se  s t a r t  a s soon  a s  any m a le ic  
h a l f  e s t e r s  a re  form ed b y  th e  a d d it io n  e s t e r i f i c a t i o n .  S in c e  th e  
c o n d e n sa tio n  e s t e r i f i c a t i o n  i s  th e  s lo w er  o f  th e  two r e a c t io n s ,  t h e  
a d d it io n  p r o c e s s  can  be s u b s t a n t ia l ly  co m p le ted  b e fo r e  an a p p r e c ia b le  
amount o f  c o n d e n sa tio n  h as o c c u r r e d . B ecau se  o f  th e  s lo w e r  r a t e  o f  
th e  c o n d e n sa tio n  r e a c t io n ,  15 0 °  w as ad op ted  a s  th e  s ta n d a rd  tem p era tu re  
f o r  th e  s tu d y  o f  t h i s  r e a c t io n ,  a lth o u g h  ex p er im en ts  w ere c a r r ie d  o u t  
i n  th e  tem p eratu re  ra n g e  50 -  1 7 0 ° .  The p r o c e s s  was s tu d ie d  b o th  a s  
a  p o ly c o n d e n s a tio n , where th e  w ater  form ed  i n  th e  r e a c t io n  was rem oved  
from  th e  sy s te m , and a s  an e s t e r i f i c a t i o n  t o  e q u ilib r iu m , w here th e  
w a te r  was n o t  rem oved. Most o f  th e  r e a c t io n s  c a r r ie d  o u t w e r e  o f  th e  
l a t t e r  t y p e .  T h is  was b e c a u se  p o ly c o n d e n sa tio n  r e a c t io n s  have a lr e a d y  
b een  s tu d ie d ,  b eca u se  o f  th e  d i f f i c u l t i e s  a s s o c ia t e d  w ith  p o ly c o n d e n s a tio n  
s t u d ie s ,  and b e ca u se  m ost o f  th e  is o m e r is a t io n  o ccu rs a t  an e a r ly  s ta g e  
o f  th e  e s t e r i f i c a t i o n .
The d i f f i c u l t i e s  in  o b ta in in g  a c c u r a te , m ea n in g fu l, k i n e t i c  
m easurem ents from  p o ly c o n d e n sa tio n  s t u d ie s  a r e  c o n s id e r a b le ,  and a r e  
o u t l in e d  b e lo w  in  t h e ir  apparent ord er  o f  im p o rta n ce .
a ) d i f f i c u l t y  o f  rem oving th e  w a ter  o f  c o n d e n sa tio n
At f i r s t  s i g h t ,  i t  w ould  seem th a t  rem oval o f  w ater from  a  
p o ly c o n d e n sa tio n  r e a c t io n  a t  150° w ou ld  be an e a s y  p r o c e s s .  T h is  i s  
n o t s o .  Y /ith a  sm a ll s c a le  r e a c t io n  o f  1  m ole s i z e  o n ly  18 m l o f  
w a ter  i s  form ed , t h i s  i s  d i f f i c u l t  t o  rem ove from  th e  a p p a ra tu s  and  
te n d s  to  be r e t a in e d  on th e  s id e s  and d r ip s  back  in t o  th e  r e a c t o r .
T h is  problem  becom es l e s s  im portant a s  th e  s i z e  o f  th e  r e a c to r  in c r e a s e s ,  
and can be overcom e b y  h e a t in g  th e 'w h o le  o f  th e  ap p aratu s t o  ov er  1 0 0 ° .
Even when t h i s  i s  done t h e r e  i s  s t i l l  th e  problem  o f  rem oving th e  
w a te r  from  th e  r e a c t io n  m ix tu r e . As th e  r e a c t io n  p r o c e ed s  th e  r a t e  
o f  fo rm a tio n  o f  w a ter  d e c r e a s e s  and hence so  does i t s  p a r t i a l  vapour  
p r e s s u r e .  I t  i s  q u it e  common t o  r e a d  i n  th e  l i t e r a t u r e  th a t  th e  r a t e  
o f  t h e  r e a c t io n  was in c r e a s e d  b y  p a s s in g  an in e r t  g a s  th rou gh  th e  m e lt  
or b y  in c r e a s in g  th e  r a t e  o f  s t i r r i n g .  O b v io u sly  t h e s e  f a c t o r s  do 
n o t  in c r e a s e  th e  r a t e  o f  r e a c t io n  e x c e p t  b y  h e lp in g  t o  rem ove th e  
w a te r  th a t  c a u s e s  th e  r e v e r s e  h y d r o ly s i s .  I t  i s  apparent in  t h e s e  
c a s e s ,  th a t  th e  r a t e  o f  e s t e r i f i c a t i o n  i s  c o n t r o l l e d  by  th e  r a t e  o f  
rem ova l o f  w a te r ;  k i n e t i c  m easurem ents are  th u s  m e a n in g le s s .
I t  i s  a l s o  q u it e  common f o r  th e  r a t e  o f  e s t e r i f i c a t i o n  t o  be  
d eterm in ed  s o l e l y  from  th e  r a t e  o f  rem ova l o f  w a ter  from  th e  s y s te m .
b )  C o rrec t s to ic h io m e t r ic  r a t i o  o f  r e a c t a n t s
I t  i s  d i f f i c u l t  or a lm ost im p o s s ib le  t o  m a in ta in  th e  c o r r e c t  
s to ic h io m e t r ic  r a t i o  o f  r e a c t a n t s  du rin g  a  p o ly c o n d e n sa tio n  p r o c e s s ,  
p a r t ic u l a r ly  a t  th e  s t a r t  o f  th e  r e a c t io n  when th e r e  i s  a  l o s s  o f  
v o l a t i l e  m a te r ia ls  (m a le ic  anhyd ride and g l y c o l  in  th e  p r e s e n t  c a s e ) • 
T h is  l o s s  i s  g r e a te r  when th e  w hole ap p ara tu s i s  h e a te d  in  o r d e r  t o  
make rem ova l o f  th e  w a ter  e a s i e r .  T h is  i s  why m ost i n d u s t r i a l  and  
r e s e a r c h  w orkers in  t h i s  f i e l d  u s u a l ly  u s e  an e x c e s s  o f  g l y c o l  a t  
th e  s t a r t  o f  th e  r e a c t io n .  Towards th e  end o f  th e  c o n d e n s a t io n , 
m a le ic  anhydride can  be l o s t  b y  a  d e c o m p o sit io n  o f  end g ro u p s •
B u b b lin g  i n e r t  g a s e s  th rou gh  th e  m ix tu re  t o  a id  th e  rem oval o f  th e  
w a ter  a l s o  h e lp s  t o  rem ove o th e r  v o l a t i l e  com p onents. K in e t ic  
tre a tm e n t o f  r e s u l t s  o b ta in e d  when t h e r e  i s  a  v a r y in g  (and  o f t e n  
unknown) r a t i o  o f  r e a c t a n t s  can  a l s o  b e  m e a n in g le s s .
c )  A ccu rate  tem p eratu re  c o n t r o l  ~
A ccu ra te  tem p eratu re  c o n t r o l  r e q u ir e d  f o r  k i n e t i c  m easurem ents  
i s  n o t  e a s i l y  o b ta in e d  in  p o ly c o n d e n s a tio n  r e a c t io n s  m a in ly  due t o
th e  in t e r n a l  c o o lin g  e f f e c t ,  produced  b y  in e r t  g a s  stream s and th e  
l o s s  o f  v o l a t i l e  m a te r ia ls  ( in c lu d in g  w a t e r ) ,  and th e  n eed  t o  su p p ly  
h e a t  t o  th e  r e a c t o r .
E s t e r i f i c a t i o n  t o  E q u ilib r iu m
A lth ou gh  th e  r a t e  o f  th e  p o ly c o n d e n s a tio n  i s  o f  o b v io u s  i n d u s t r i a l  
im p o rta n ce , th e  d a ta  a r e  o f  l i t t l e  t h e o r e t i c a l  u s e ,  u n le s s  c o n s id e r a b le  
c a r e  i s  ta k e n . In  th e  p r e s e n t  w ork, m ost o f  th e  e s t e r i f i c a t i o n s  
w ere c a r r ie d  o u t in  s e a le d  tu b e s  u n t i l  e q u ilib r iu m  wras o b ta in e d . T h is  
was done m a in ly  t o  p r o v id e  m ix tu r e s  f o r  th e  i s o m e r is a t io n  s t u d i e s ,  
b u t  d id  g iv e  some u s e f u l  in fo r m a tio n  on th e  e s t e r i f i c a t i o n  p r o c e s s .
T h is  e s t e r i f i c a t i o n  to  e q u ilib r iu m  d oes n o t  s u f f e r  from  any  
o f  th e  d isa d v a n ta g e s  r e f e r r e d  t o  above b e c a u se  th e r e  i s  no l o s s  o f  
w a ter  o r  v o l a t i l e  m a te r ia l  from  th e  sy stem  and a c c u r a te  tem p era tu re  
c o n t r o l  i s  made p o s s ib le  b y  th e  u s e  o f  sm a ll sa m p le s .
E s t e r i f i c a t i o n  t o  e q u ilib r iu m  d oes how ever have i t s  own 
d is a d v a n ta g e s .
T h ese  a r e :
a * l im i t e d  e x te n t  o f  r e a c t io n
O nly a  l im it e d  r a g e  o f  th e  r e a c t io n  can  b e  s t u d ie d .  In  th e  
p r e s e n t  s t u d ie s  t h i s  i s  O -l+O fo  r e a c t io n ,  a lth o u g h  i n  many c a s e s  i t  
i s  p o s s ib le  t o  m easure th e  r e s t  o f  th e  r e a c t io n  from  th e  r e v e r s e  d i r e c t i o n .  
T h is  r e s t r i c t i o n  on th e  e x te n t  o f  th e  r e a c t io n  makes i t  more d i f f i c u l t  
t o  d i s t in g u i s h  b etw een  th e  v a r io u s  o r d e r s  o f  r e a c t io n ,  e s p e c i a l l y  a s  
th e  r a t e s  o f  th e  r e a c t io n  ten d  t o  1 s t  ord er  a s  e q u ilib r iu m  i s  
app roach ed .
G rea ter  a ccu ra cy  r e q u ir e d
G rea ter  a ccu ra cy  i s  r e q u ir e d  i n  m easuring th e  e x te n t  o f  th e  
r e a c t io n  b e c a u se  o f  th e  l im it e d  ran ge  r e f e r r e d  t o  a b o v e . E*or exam ple
r e a c t io n  i n  a .r e v e r s ib le  p r o c e s s  th a n  t o  d is t in g u is h  b etw een  9 9 * Q %  
and 99 • 3 %  r e a c t io n  i n  a  non r e v e r s ib le  p r o c e s s ,  p a r t i c u l a r ly  when 
th e  a n a ly s is  r e H e s  on th e  m easurem ent o f  th e  amount o f  u n r e a c te d  m a te r ia l  
( e . g .  when m easuring th e  amount o f  u n r e a c te d  a c id ) .
One fu r th e r  o b j e c t io n  i s  t h a t  th e  in fo r m a tio n  o b ta in e d  from  
e s t e r i f i c a t i o n  s t u d ie s  o f  c lo s e d  sy stem s may n o t  b e  a p p l ic a b le  to  th e  
p o ly c o n d e n s a tio n  p r o c e s s  s in c e  th e  r e t e n t io n  o f  th e  w a te r  i n  th e  
system  may a f f e c t  th e  k i n e t i c s  o f  th e  sy s te m . T h is  i s  c e r t a i n l y  tr u e  
o f  t h e  s t u d ie s  on th e  e f f e c t i v e n e s s  o f  a c id  c a t a l y s t s  and i s  r e f e r r e d  
t o  l a t e r .
One problem  in  in t e r p r e t in g  th e  r a t e s  o f  b o th  th e  p o ly c o n d e n s a tio n  
and th e  e s t e r i f i c a t i o n  t o  e q u ilib r iu m  d a ta  i n  th e  p r e s e n t  c a s e  (and  
i n  many o th e r  polym er sy ste m s) i s  th a t  th e r e  i s  more th a n  one ty p e  
o f  r e a c ta n t  or r e a c ta n t  group  p r e s e n t  d u rin g  th e  c o n d e n sa tio n  and 
th e  r e l a t i v e  r e a c t i v i t i e s  o f  t h e s e  are  unknown. At th e  s t a r t  o f  th e  
g l y c o l  m a le a te  c o n d e n sa tio n  th e r e  a re  tw o ty p e s  o f  -OH gro u p s and 
one ty p e  o f  group p r e s e n t ,  b u t a s  th e  r e a c t io n .p r o c e e d s  d im er ,
trd m er, and h ig h e r  m o lecu la r  w e ig h t  p r o d u c ts  h av in g  -COgH g ro u p s a r e  
form ed w ith  sm a ll amounts o f  m a le ic  a c id .  I t  i s  t h e r e f o r e  n o t  
p o s s ib le  t o  d eterm in e th e  r e a c t i v i t i e s  o f  t h e s e  s p e c ie s  from  k i n e t i c  
m easurem ents u n le s s  th e  order o f  th e  r e a c t io n  i s  known and th e  
ord er  o f  th e  r e a c t io n  can n ot be d eterm in ed  -u n less t h e s e  r e a c t i v i t i e s  
a r e  known* A fu r th e r  c o m p lic a t io n  i n  th e  p r e s e n t  c a s e  i s  t h a t  when 
i s o m e r is a t io n  o ccu rs  a t  th e  same tim e  a s  e s t e r i f i c a t i o n  t h i s  h a s  a  
d e f i n i t e  e f f e c t  on th e  r a t e  o f  e s t e r i f i c a t i o n .
A nother d isa d v a n ta g e  o f  th e  e s t e r i f i c a t i o n  t o  e q u ilib r iu m  i s  t h a t  
th e  r e a c t io n  i s  e f f e c t i v e l y  s to p p ed  p a r t  way through  th e  r e a c t io n .
T his g ives secondary re a c tio n s  a chance to  reach  reasonab le  p ro p o rtio n s  
and r e s u l t s  in  a d r i f t  of th e  equ ilib riu m  p o s it io n .  This d isadvantage
secondary rea ctio n s.
Order o f  th e  r e a c t io n
The r e s u l t s  o f  th e  p o ly c o n d e n sa tio n  ex p er im en ts  w ere exam ined  
a s  2nd ord er and 3rd  order r e a c t io n s  (u s in g  th e  form u lae  shown in  
S e c t io n  2 . 6 . 1 0 ) .
2nd ord er  was u s e d , where
a s  many p o l y e s t e r i f i c a t i o n s  appear t o  f o l lo w  secon d  ord er  k i n e t i c s .  
3 r d  ord er  w as u s e d , w here
r a t e  o< [a lc o h o l]  [ a c id j ^  
a s  e s t e r  i f i c a t  io n s  are  known t o  b e  c a t a ly s e d  b y  a c id  and 3rd  ord er  
p o l y e s t e r i f i c a t i o n s  have b een  r e p o r te d .
2 -g  -ord er , -where
r a t e  c* [ a lc o h o l ]  £acid j
was u se d  f o r  c o m p le ten ess  s in c e  a  2-g- o rd er  w as in d ic a t e d  b y  t h e
a d d it io n  e s t e r i f i c a t i o n  r e a c t io n  ( S e c t io n  4 . 1 ) ,  and b e c a u se  o f  t h e
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work o f  Tang Au-Chin and Yoa Kuo S u i  . In  th e  c a s e  o f  th e  2^ and  
3rd  ord er  k i n e t i c s ,  th e  r e a c t io n  i s  n o t  a u to c a t a l y t i c  a s  th e  c a t a l y s t  
i s  consumed i n  th e  c o n d e n sa tio n  e s t e r i f  i c a t i o n  w h ereas i t  i s  g e n e r a te d  
in  th e  a d d it io n  e s t e r i f i c a t i o n  p r o c e s s .
M ath em atica l trea tm en t o f  th e  r e s u l t s  o f  th e  e s t e r i f i c a t i o n  t o  
e q u ilib r iu m  ex p er im en ts  was more d i f f i c u l t .  At th e  s t a r t  o f  th e  
r e a c t io n s  th e  grou p s p r e s e n t  w ere a lc o h o l  grou p s o f  g l y c o l  m o n o e s te r s f  
c a r b o x y lic  a c id  grou p s o f  m a lea te  m o n o e ste r s; and male a te  m on oester  
g r o u p s . As th e  r e a c t io n  p ro ceed ed  -OH and -C00H grou p s w ere u s e d  up  
and m a le a te  d i e s t e r s  and v /ater w ere form ed . One s im p le  tr e a tm e n t u se d  
i n i t i a l l y  y/as to  c o n s id e r  th e  fo rm a tio n  o f  e s t e r  from  -OH and -C00H 
g rou p s (assum ing a l l  f u n c t io n a l  grou p s had e q u a l r e a c t iv i t y ) a n d  t o  ig n o r e
th e  p r e se n c e  o f  m a lea te  m o n o e ste r s . T h is  y/as done b y  u s in g  a  v a lu e  
C = 0 i n  th e  sta n d a rd  e q u a t io n s  d e v e lo p e d  in  S e c t io n  2 .6 .1 1  . Thus 
th e  r e a c t io n  c o n s id e r e d  w a s:
A lc o h o l + A cid  E s te r  + Water
( g ly c o l  (m a le a te  (m a le a te  (w a ter )
m on oester) m on oester) d i e s t e r )
I n i t i a l  c o n c e n tr a t io n  a  b  0  0
As f o r  p o ly c o n d e n sa tio n  r e a c t io n s ,  th e  d a ta  w ere t r e a t e d  a s  2n d , 2^
and 3r ol ord er  r e a c t io n s .  The r e s u l t s  o b ta in e d  b y  t h i s  tr e a tm e n t f o r  th e
e s t e r i f i c a t i o n  o f  g l y c o l  m a le a te  t o  e q u ilib r iu m  a t  150°(R 158) u s in g  th e
te c h n iq u e  d e s c r ib e d  i n  S e c t io n  2 . 2 . 1 .  are shown in  F ig u r e  4 .2 .1  .  (p age  1 5 7 ) .
The f u n c t io n s  p l o t t e d  a re  r e fe r r e d  t o  a s  YA, YB and YC, f o r  2n d , 2 -g
and 3rd  ord er  r e a c t io n  r e s p e c t iv e l y ,  and a re  g iv e n  i n  S e c t io n s  2 .6 .1 1  . ,
e q u a t io n s  ( 4 ) ,  (6 )  and (8 )  r e s p e c t i v e l y ,  or  ( l l ) ,  ( lO ) and ( l 2 )
r e s p e c t i v e l y ,  depending on th e  v a lu e  o f  I .  P lo t s  o f  t h e s e  f u n c t io n s
1 ”YA, YB and YC a g a in s t  tim e  g i v e s  grap h s h av in g  s lo p e s  o f  k a , k a  2 and
2ka r e s p e c t i v e l y .  As can  be s e e n , i t  i s  n o t  p o s s ib le  t o  d eterm in e  
th e  ord er  o f  th e  r e a c t io n  s im p ly  from  t h e  g r a p h s , a lth o u g h  th e  
l i n e a r a r i t y  o f  th e  cu rve  in c r e a s e  w ith  th e  ord er  o f  th e  r e a c t io n .
The p r e sen ce  o f  m a lea te  m on oesters w h ich  was ig n o r e d  in  th e  above  
tre a tm e n t w a s, o f  c o u r s e ,  a l s o  ig n o r ed  i n  th e  trea tm en t o f  th e  
p o ly c o n d e n sa tio n  p r o c e s s s .  In  b o th  c a s e s  i t  was assum ed t h a t  th e  
r e v e r s e  h y d r o ly s is  o f  m a lea te  m on oesters  d id  n o t  a p p r e c ia b ly  a f f e c t  
th e  o v e r a l l  r a t e  o f  th e  r e a c t io n .
An a l t e r n a t iv e  tre a tm e n t o f  th e  r e s u l t s  was t o  ta k e  th e  i n i t i a l  
e s t e r  c o n c e n tr a t io n  in t o  accou n t (b y  u s in g  C = l )  and assume t h a t  
m aleate: m on oesters and m a lea te  d i e s t e r s  are e q u a l ly  h y d r o ly se d  i n  th e  
r e v e r s e  r e a c t io n .  T hus, th e  r e a c t io n  i s  c o n s id e r e d  s im p ly  a s :
A lc o h o l + A c id  E s te r  + Water
(a n y  -OH (a n y  -CO2H (a n y  (w a ter )
group) grou p ) e s t e r )
I n i t i a l
c o n c e n tr a t io n  a  b  c  0
T h is  w ou ld  i n f e r  t h e  fo r m a tio n  o f  f r e e  m a le ic  a c id  and i t s  
su b seq u en t e s t e r i f i c a t i o n  during  th e  r e a c t io n .  I t  i s  c e r t a i n l y  tr u e  
th a t  m a le ic  a c id  w as form ed du rin g  b o th  th e  e s t e r i f i c a t i o n  t o  
e q u ilib r iu m  and th e  p o ly e s t e r  i f  i c a t i o n  r e a c t io n s ,  a lth o u g h  t h i s  c o u ld  
a l s o  be due t o  o th e r  r e a c t io n s  such  a s  a c id  t r a n s e s t e r i f i c a t i o n ,  and  
h y d r a t io n  o f  m a le ic  anhyd ride (form ed b y  d e co m p o sitio n  o f  m a le a te  
m o n o esters)*  T h is  tre a tm e n t o f  th e  r e s u l t s  a l s o  assum es th a t  th e  r a t e  
o f  e s t e r i f i c a t i o n  o f  m a le ic  a c id  (p e r  -COOH group) i s  th e  same a s  
t h a t  o f  m a lea te  m on oesters*  I f  th e  r e a c t io n  i s  a l s o  c a t a ly s e d  b y  
a c id s ,  i t  i s  a l s o  assum ed th a t  th e  CO^H gro u p s o f  m a le ic  a c id  and m a le ic  
m o n o esters  are  e q u a l ly  e f f e c t i v e  a s  c a ta ly s t .*  The v a l i d i t y  o f  t h e s e  
a ssu m p tion s w i l l  b e  d is c u s s e d  a g a in  l a t e r .
H ence th e  s i t u a t io n  i n  t h i s  r e a c t io n  i s  f a i r l y  c o m p lic a te d , f o r  
we have th e  p r e se n c e  o f  two ty p e s  o f  -OH g ro u p , two ty p e s  o f  -CO^H 
group  and two or p o s s ib ly  th r e e  ty p e s  o f  e s t e r .  A f u r th e r  
c o m p lic a t io n  i s  t h a t  i f ,  a s  i s  u s u a l ly  th e  c a s e ,  some i s o m e r is a t io n  
o c c u r s  d u rin g  th e  e s t e r i f i c a t i o n  t h i s  w i l l  a l s o  a f f e c t  th e  r a t e .
The c u r v e s  o b ta in e d  when th e  d a ta  from  th e  g l y c o l  m a le a te  r e a c t io n  
a t  150°w ere t r e a t e d  a s  ab o v e , are  shown i n  F ig u r e  4 * 2 .2 .  a s  p l o t s  
o f  YA, YB and YC a g a in s t  t .  T h is  r e p r e s e n t s  some im provem ent on t h e  
p r e v io u s  tr e a tm e n t , b u t s t i l l  d oes n o t  a l lo w  th e  ord er  o f  t h e  r e a c t io n  
t o  b e  d e term in ed .
A l l  f u r th e r  k i n e t i c  trea tm en t o f  r e s u l t s  d is c u s s e d  i n  t h i s  
s e c t io n  are  b a sed  on th e  assum p tion  th a t  m a le a te  m on o esters  p a r t ic i p a t e  
i n  t h e  h y d r o l y s i s / e s t e r i f i c a t i o n  e q u i l ib r iu m .
FIGURE 4*2 .  1.
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E ffect of temperature
Figure 4*2.3 shows the e f fe c t  of temperature on the ra te  o f the
e s te r i f i c a t io n  to  eq u ilib riu m  of g ly co l monomaleate. The r e s u l t s
are  shown as a p lo t  of YB (2^ order) ag a in s t tim e. From th e  graphs
1~th e  follow ing v a lu es  o f ka 2 were ob ta ined  (using average v a lu es  
over th e  range YB = 0 -  l )
TABES 4*2.1
R eaction  Temp °C 10^ka^2(s  10^k(l^2mol ^2s ^
R 54 110° 3*68 1.59
R 53 130° 10.8 4*68
R 158 150° 26.7 11*6
From th ese  v a lu es  of k  an a c tiv a tio n  energy of 66 kJ mol ^ ( l6 .2 k  c a l  mol 
was c a lc u la te d  (see F igure 4*2.4) • The choice of 2-g- o rder was p u re ly  
a rb i ta ry  and a s im ila r  r e s u l t  fo r  a c t iv a tio n  energy would have been 
ob ta ined  from p lo ts  of YA (2nd o rder) or YC (3rd  o rd e r) , o r by  
comparing th e  tim es to  reach  a predeterm ined ex ten t o f r e a c t io n .  A 
comparison of the  r a te  a t  50° w ith  th e  130° r a t e  a lso  gave a  va lue  o f 
66 kJ mol ^ fo r  a c tiv a tio n  energy over the  range 50-150°.
From th e  A rrhenius equation  a  value of A (frequency f a c to r )  o f
3 L2.7  x 10 was ob ta ined . This corresponds to  a  value of 7*8 x 10 '
f o r  th e  a d d itio n  e s te r i f i c a t io n  r e a c t io n .  In  a d d itio n  to  changing.
th e  r a te  o f r e a c tio n , th e  tem perature a lso  a f fe c te d  th e  p o s it io n
of th e  eq u ilib riu m . At 150^, 37 f° of th e  i n i t i a l  a c id  became
e s te r i f i e d .  As th e  tem perature was lov/ered th e  eq u ilib riu m  p ercen tage
e s te r i f i e d  in creased , almost l in e a r ly  w ith  tem perature , so th a t  a t
50° th e re  was 40^ e s te r i f i e d .  These va lu es  of 37 and Lfifo a c id
e s te r i f i e d  correspond to  68.5 and-70% e s te r  in  th e  p ro d u ct, as the
s ta r t in g  m a te r ia l a lread y  co n ta in s  50/6 e s te r .  This change in  th e
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p o s it io n  of equ ilib riu m  w ith  tem perature i s  c o n s is te n t w i t h  an 
exotherm ic process w ith  a  low h ea t of re a c tio n  (approx 2 .2k j/m o l or 
540 ca l/m ol) •
The a c tu a l p o s it io n  of th e  equ ilib riu m  v/as no t easy to  determ ine 
a c c u ra te ly . The percentage e s te r i f i c a t io n  was only accu ra te  to  0.2fo 
and i t  was n o t easy to  decide when eq u ilib riu m  had been achieved as 
long r e a c t io n  tim es r e s u l te d  in  a d r i f t  o f th e  p o s itio n  of the  
eq u ilib riu m  due to  secondary r e a c t io n s .
From th e  v a lu es o f percentage e s te r i f i e d  a t  eq u ilib riu m  (E) 
quoted above, v a lu es  of K = 1.28 a t  150° and K = 1 .56  a t  50° were 
c a lc u la te d  where K i s  th e  equ ilib rium  co n stan t fo r  the re a c tio n s  
Acid + Alcohol E s te r  + Water
( a l l  groups assumed to  have equal r e a c t iv i ty )
Polycondensations
As mentioned p rev io u sly , u s e fu l  k in e t ic  r e s u l t s  were no t 
ob ta ined  from the  few polycondensations c a r r ie d  o u t, m ainly due to  th e  
d i f f i c u l ty  of removing the  w ater of condensation . The po ly ­
condensations th a t  were attem pted v/ere designed to  g ive m a te r ia ls  
f o r  iso m erisa tio n  s tu d ie s  ra th e r  than to  g ive k in e tic  r e s u l t s .
Y/hat i s  apparent from a comparison of the  r a te s  of the polycondensation  
and th e  e s te r i f i c a t io n  to  equ ilib rium  i s  th a t ,  th e  r a te  of the  
polycondensation c lo se ly  follow s th a t  of th e  re v e rs ib le  re a c t io n  
during th e  e a r ly  s ta g e s , and th a t  th e  c a lc u la te d  value fo r  th e  r a t e  
co n stan t o f the polycondensation i s  always lower than  th a t  of th e  
re a c t io n  to  equ ilib rium  even though the  percentage e s te r i f i e d  i s  
always h ig h e r . This i s  c o n s is te n t w ith  the  d i f f i c u l ty  in  removing 
w ater from th e  polycondensation re a c t io n .
F igure 4«2.5 compares th e  a c tu a l percentage e s te r i f i c a t io n  
obtained  in  an e s te r i f i c a t io n  to  equ ilib rium  and in  a p o ly e s te r  i f  ic a t io n  
a t  150°. K in etic  trea tm en t of th e  r e s u l t s  of the p o ly e s te r  i f  ic a t io n
d id  not g ive m eaningful r e s u l t s  due to  th e  e r r a t i c  r a te  of removal of 
w ater during the  r e a c t io n .
F igure 4*2.6 compares the  polycondensation and the
e s te r i f i c a t io n  to  equ ilib rium  of g ly c o l m aleate a t  110°. In  t h i s
case th e  polycondensation was c a r r ie d  out in  a sp e c ia l r e a c to r
(S ec tio n  2 .2 .2 )  in  an attem pt to  make th e  removal of w ater more
e f f i c i e n t .  The ex ten t o f th e  re a c tio n  in  t h i s  case was c a lc u la te d  from 
th e  amount of condensate c o l le c te d . At th e  end of th e  re a c t io n
th e  condensate was analysed  and was shown to  co n ta in  about 7% o f
g ly c o l and about 10% o f m aleic anhydride (p resen t as th e  a c id ) ,
showing th e  sto ich iom etry  o f the  system had been d is tu rb e d . In
F igure  4*2.6 th e  re a c tio n s  are  compared as 2nd, 2i  and 3rd  order
re a c t io n s .  As can be seen, th e  polycondensation i s  th e  slower p ro c e ss .
A lso , i t  can been seen th a t  th e  k in e t ic s  o f  polycondensation a re  more
c o n s is te n t w ith  2nd and 2i  o rder re a c tio n s  than  v/ith a 3 rd  o rder
re a c t io n .
A comparison o f the  polycondensation and th e  e s te r i f i c a t io n  to  
eq u ilib riu m  of g ly c o l m aleate a t  50° i s  shown in  F igure 4«2*7« In  
th e  polycondensation r e a c t io n , the  w ater was removed by the  presence 
of phosphorus pentoxide in  th e  re a c t io n  v e s s e l  (S ec tio n  2 .2 .2 ) .
N otice on the  graph th a t  th e  re a c t io n  to  equ ilib rium  g iv es  a  f a i r l y  
good s t r a ig h t  l in e  f o r  a 2§- order re a c t io n  (YB ag a in s t tim e) and 
th a t  th e  polycondensation fo llow s th i s  l in e  i n i t i a l l y  and then 
proceeds a t a slower ra te *
Other g ly c o l m aleate condensations
At th e  s t a r t  of th e  condensation e s te r i f i c a t io n  th e  re a c t io n  
m ixture co n s is ted  of 15*9.;% g ly c o l b is(hydrcgen  m aleate) , 68 .3  % 
g ly c o l mono (hydrogen m aleate) and 1 5 *9% ethy lene g ly c o l as 
determ ined by n .m .r . Thus 31*7% of the  -OH groups were on g ly c o l 
m olecules and the  r e s t  were on th e  g ly c o l m onoester. As th e
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condensation proceeded to  equiJLj_ui-_i.um , J u ~ ui
became e s te r i f i e d .  The n o n -lin ea r n a tu re  of th e  graphs shown in  F igu res 
4*2.1-3  could  be due to  th e  d if f e re n t  r e a c t iv i t i e s  of the  two -OH groups 
and to  the e f fe c t  of th e  iso m erisa tio n  r e a c t io n . The condensation of 
th e  re a c tio n  product of m aleic anhydride w ith  two moles of e thy lene  g ly c o l 
was a lso  s tu d ied  a t  150° (E65) • Because excess g ly c o l was used  in  i t s  
p re p a ra tio n , 70f° o f th e  -OH groups were on g ly co l m olecules and th e  r e s t  
(30%)were on g ly c o l monomaleate m olecules. As e s te r i f i c a t io n  to  eq u i­
lib riu m  proceeded,30/S of th ese  gl.cohol groups and 6O/0 o f th e  a c id  groups - 
were e s t e r i f i e d .  The k in e t ic s  of t h i s  re a c tio n  agreed b e t te r  w ith  a  2 -^ 
o rder r e a c t io n  than  w ith  e i th e r  a 2nd or 3r d  o rder p ro ce ss , as  a  h ig h er 
f r a c t io n  of the  ac id  was e s te r i f i e d  and th i s  gave a g r e a te r  d iffe re n c e  
between th e  v a rio u s  p o ss ib le  k in e t ic  tre a tm e n ts . The r e s u l t s  from t h i s  
r e a c t io n  are  shown in  F igure 4*2.8 as a p lo t  of YB ag a in s t tim e . The 
comparable r e s u l t s  from th e  r e a c t io n  when no excess of g ly c o l was used ,
a re  shown in  th e  same g raph . As can be seen, bo th  curves have a  s im ila r
1 ~\shape except g ly c o l reduced th e  r a t e  of th e  re a c t io n  ( th e  value  of ka 2) .
This Y/as as expected because th e  excess g ly c o l ac ted  as a d i lu e n t .
1 “  —A —1From F igure 4 .2 .8  a value of ka 2 = i  .22 x 10 s was ob ta ined
fo r  the re a c t io n  in  th e  presence of excess g ly c o l.  This in d ic a te s  a  5f>7° 
decrease in  r a te  due to  th e  excess g ly co l and i s  more c o n s is te n t w ith  a
3rd  o rder re a c tio n  than  the 2t> o rder re a c t io n  shown, a  v a lu e .o f
- 5  A - 1  _ J I  1 -  - A
a  = 3*4 mol/ 1  gave k = 9*8 x  10 l ‘2mol 2s , which corresponds to
k = 11 .6  x  10 1 2mol 2s fo r  the  re a c tio n  w ithout excess g ly c o l .
The change o f slope of th e  graphs w ith  time could  again  be 
exp lained  by the r e la t iv e  r e a c t iv i t i e s  of the two types of -OH group, 
th e  co n cen tra tio n  of the more re a c tiv e  -OH groups decreasing  more r a p id ly  
than  th a t  of th e  le s s  re a c tiv e  g roups.
The condensation of g ly co l b is  (hydrogen m aleate) w ith  e th y len e  
g ly c o l to  equ ilib rium  a t  150° (R l66) i s  a lso  shown in  F igure 4 .2 .8 .
In  t h i s  case a l l  the  -OH groups and a l l  -GO^ H groups were id e n t ic a l
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a t  the s t a r t  of the condensation . The r e s u l t s  ob ta ined , are  very  
s im ila r  to  those of th e  g ly c o l m aleate condensation (except fo r  a  
h ig h er i n i t i a l  r a te )  and a re  c o n s is te n t w ith  th e  id ea  th a t  th e  -OH 
groups on ethylene g ly c o l a re  more r e a c tiv e  than  those  of the  g ly c o l 
m onoester.
The condensation of a 50% s o lu tio n  of g ly c o l m aleate in  
d ie thy lene  g ly c o l dim ethyl e th e r  a t  150° gave a s im ila r  graph to  th a t
ob ta ined  fo r  th e  bu lk  r e a c t io n . The only d iffe ren c e  was th a t  a  va lue
1~ —5 —1of ka 2 = 2.37 x 10 s was ob ta ined  which i s  about $fo o f th e  value
f o r  th e  bu lk  re a c tio n  and would in d ic a te  4ir o rder r e a c t io n  i f  so lv en t 
e f f e c ts  were Ignored.
E s te r i f ic a t io n  of M aleic and Fumaric Acids
The main o b jec tiv e  o f t h i s  p a r t  o f  the work was to  compare the  
r a t e  of e s te r i f i c a t io n  of th ese  isom eric a c id s , and the  p o s it io n  of 
t h e i r  e s te r i f i c a t io n  e q u i l ib r ia .
The r e s u l t s  of th e  e s te r i f i c a t io n  of m aleic ac id  and e thy lene  
g ly c o l in  sea led  tubes a t  1 :1  molar r a t io  a t 1 50° ( r62) and 130°(R57) and
1 :2 molar r a t io  a t 150°(R6i ) are shown in  F igure 4*2.9• (Page 168) as 
graphs of YB ( fo r  2J  o rder re a c tio n )  ag a in s t tim e. As can be seen , 
s t r a ig h t  l in e  graphs were not o b ta in ed . There was a  v e ry  ra p id  
re a c t io n  up to  about 50fo e s te r i f i c a t io n  follow ed by a  much slow er 
r a t e .  In  f a c t ,  the  i n i t i a l  r a t e  was so ra p id  th a t  i t  was d i f f i c u l t  
to  o b ta in  read ings below 30/^ r e a c t io n .  For example, a f t e r  3 m inutes 
a t  130°  th e  m ixture was 45/® re a c te d , b u t s in ce  a  tem perature 
c o rre c tio n  of 2.8 m inutes must be su b tra c te d  from the  r e a c t io n  tim e 
to  allow  fo r  the  time taken  fo r  th e  re a c tio n  m ixture to  re a c h  th e  
re a c t io n  tem peratu re j and s ince  during th i s  p e r io d  th e  r a t e  was a lso  
c o n tro lle d  by the  r a t e  a t  which th e  s o lid  a c id  d isso lv ed  in  th e  
re a c t io n  m ix ture, the  a c tu a l r a t e  o f th e  r e a c t io n  must have been
condensation of g ly c o l m aleate , even when an allowance i s  made fo r  
th e  d if fe re n t  va lu es  o f th e  i n i t i a l  co n cen tra tio n  of a c id  (a) in  
th e  two cases*
At about th e  same time as t h i s  work was being c a r r ie d  o u t, 
V ancso-Szercsanyi and co-workers p u b lish ed  th e i r  r e s u l t s  on the
l o
k in e t ic s  of th e  p o ly e s te r  i f  i c a t io n 4" and th e  e s te r i f i c a t io n  to
4 9eq u ilib riu m  '  o f m aleic a c id  and e thy lene g ly c o l.  Although th ese  
au tho rs  observed th e  same v ery  high  r a t e  o f re a c t io n  under bo th  
eq u ilib riu m  and p o ly e s te r i f ic a t io n  conditions th ey  o ffe red  no 
m athem atical trea tm en t of th e  r e s u l t s .  They exp la ined  th e  r e s u l t s  
q u a l i ta t iv e ly  in  terms of c a ta ly s is  o f th e  re a c tio n  by  m aleic a c id  
and by th e  m aleic a c id  m onoester,the  i n i t i a l  h igher r a t e  being due 
to  th e  h igher s tre n g th  of m aleic a c id  (pK = 1 . 91^ )  compared w ith  
th e  a c id -e s te r  (pK 3*09). These v a lu es  of pK correspond to  those  
determ ined in  the  p resen t work and quoted in  S ection  2 .3 .4*
Although the  va lues m aleic ac id  and K m aleic a c id  monoester 
d i f f e r  by a f a c to r  o f about 20 th e  hydrogen ion  co n cen tra tio n s  w i l l  
on ly  d i f f e r  by a f a c to r  o f about 4*5 (720) ,  i f  the  ac ids fu n c tio n  as 
weak a c id s , and cannot alone e x p la in  th e  v ery  high  i n i t i a l  r a t e  o f 
e s te r i f i c a t io n .  A lso, the  v a lu es of pK were determ ined fo r  aqueous 
so lu tio n . This p o in t has a lread y  been d iscussed  b efo re  ill  th e  s e c tio n  
on ad d itio n  e s te r i f i c a t io n ,  where i t  was found th a t  a more r e a l i s t i c  
value  of m aleic acid/K  m aleic m onoester in  the bulk  r e a c t io n  
mixes was about 3» which gave the r e la t iv e  e ffe c tiv e n e s s  o f th e  two 
m a te r ia ls  as c a ta ly s ts  as 2 -2 .3  (7 5 ). Thus, a c id  s tre n g th  alone 
cannot ex p la in  th e  h igh i n i t i a l  r a t e  o f r e a c t io n .
The overa ll forward reaction s can he regarded as:
M a le ic  a c id  + A lc o h o l + C a ta ly s t  —^  M a le ic  m on oester
-M- R - . R-M-
and M a le ic  m on oester  + A lc o h o l + C a ta ly s t  —^  M a le ic . d i e s t e r
R-M- R - R-M-R
w here th e  c a t a l y s t s  w ou ld  be m a le ic  a c id  and th e  m a le ic  a c id  m onoester*
I f  we u s e  th e  assu m p tion  o f  V an cso -S zm ercsan y i th a t  th e  d i f f e r e n t
r a t e s  a r e  due t o  t h e  c a t a l y s t s ,  th e n  i f  we assume t h a t  m a le ic  a c id
i s  th e  o n ly  c a t a l y s t  and th a t  a l l  -OH grou p s and a l l  -CO^H g ro u p s
a r e  e q u a l ly  r e a c t i v e ,  th e n  th e  c o n c e n tr a t io n  o f  f r e e  m a le ic  a c id  i s
p r o p o r t io n a l  t o  ( l - P )  « Thus th e  r a t e  o f  th e  r e a c t io n  w ou ld  be
p r o p o r t io n a l  to  (l-P )^ " , ( i f  r a t e  p r o p o r t io n a l  t o  [ a c id j  ^ a lc o h o l]
[ c a t a l y s t ] )  or  t o  ( l - P ) ^  ( i f  r a t e  p r o p o r t io n a l  to  £ a c id j  ^ a lc o h o lj  
1.
[ c a t a ly s t j  2) .  N e ith e r  o f  th e s e  p o s s i b i l i t i e s  e x p la in s  t h e  h ig h  
i n i t i a l  r a t e  o f  r e a c t io n .  In  f a c t ,  one vrould have t o  assume som eth in g  
l i k e  an 8 th  ord er  r e a c t io n  t o  e x p la in  th e  i n i t i a l  h ig h  r a t e .
A l t e r n a t iv e ly ,  we c o u ld  assume th a t  b o th  c a t a l y s t s  are  e q u a l ly  
e f f e c t i v e  and th a t  th e  v a r ia t io n  in  r a t e  i s  due t o  th e  r e a c t i v i t i e s  
o f  th e  “CO^H g r o u p s . I f  we ig n o r e  th e  e s t e r i f i c a t i o n  o f  th e
m on oester  (b y  assum ing t h a t  th e  m a le ic  -CO^H grou p s a r e  much more
r e a c t iv e  th an  th o s e  o f . t h e  m on oesters) and th e  r e v e r s e  h y d r o ly s is  
we can  d ed u ce :
R ate  c<  [^M aleic a c id j  ^ A lcoh o l g ro u p j J /ic id  g r o u p jn  ^
( l - P )  (2 -P )  (2 -P )
/  w here P -  th e  f r a c t io n  o f  m a le ic  a c id  r e a c t e d
and n  = th e  order o f  th e  r e a c t io n
i . e .  when n  = 3 r a t e  (*1 -P ) ( 2 - P )^
The graph O btained  b y  t r e a t in g  th e  r e s u l t s  o f  th e  m a le ic  a c i d /  
e th y le n e  g l y c o l  r e a c t io n  a t  130° i n  t h i s  way i s  shewn in  F ig u r e  4 * 2 .1 0 .
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and corresponds to  0 to  47% re a c t io n . A s im ila r  graph would have heen 
ob ta ined  i f  n  = 2 j .  Thus, i t  seems reasonab le  to  conclude th a t  the 
i n i t i a l  h igh r a t e  of re a c t io n  w ith  m aleic a c id  i s  due m ainly to  th e  
h igh  r e a c t iv i ty  o f th e  “CO^ H groups on m aleic ac id  compared w ith  those 
on the  m aleate m onoester. The h ig h er s tre n g th  of m aleic ac id  a lso  
has an im portan t, b u t sm aller e f f e c t ,  as do th e  r e a c t iv i t i e s  o f -OH 
groups on th e  g ly c o l and g ly co l m onoesters. A more accu ra te  trea tm en t 
of the  r e s u l t s  would have’to  allow  fo r  a l l  these  f a c to rs  and f o r  th e  
rev e rse  h y d ro ly s is .
Although se v e ra l a ttem pts were made to  r e a c t  fum aric a c id  
and ethylene g ly c o l,  u s e fu l k in e t ic  r e s u l t s  were only ob ta ined  in  
one experiment (R60). The main d i f f i c u l ty  was the  low s o lu b i l i ty  
of fum aric a c id  in  th e  g ly c o l,  which e f f e c t iv e ly  c o n tro lle d  th e  r a t e  
o f r e a c t io n . To g e t the fum aric a c id  in to  so lu tio n  f a i r l y  r a p id ly ,  
i t  was necessary  to  use a 100% excess of g ly c o l and a r e a c t io n  
tem perature of 150°. Even so , by th e  time a l l  th e  fum aric a c id  
had d isso lv ed  the  ex ten t o f r e a c t io n  was a lread y  47%* F igure  4*2.11 
(Page 172) shows the  r a te  of t h i s  re a c t io n  compared w ith  the  
s im ila r  re a c t io n  using  m aleic a c id . The tim e axes of th e  graph have 
been a l te r e d  to  allow  fo r  th e  f a c t  th a t  th e  m aleic a c id  re a c t io n  
was 2 .2 . tim es f a s t e r  than  th e  fum aric ac id  re a c t io n  and th a t  the  
i n i t i a l  r a te  of the fum aric ac id  re a c tio n  was c o n tro lle d  by th e  r a t e  
of so lu tio n  of the  a c id . As can be seen bo th  graphs have a s im ila r  
shape. The fa c to r  2 .2  could  be exp lained  by the  d iffe re n c e  in  a c id  
s tre n g th  between m aleic and fum aric ac ids s ince fu n a r ic  a c id  has a 
s im ila r  pK^  to  th a t  of a g ly c o l m onoester. A lte rn a tiv e ly  the 
d iffe ren ce  in  r a te s  could be p a r t ly  due to  th e  d iffe ren ce  in  a c id  
s tre n g th  of th e  m aleic acid/m ale icm cnoester mix compared w ith  th e  
fum aric acid /fum aric monoester mix, and p a r t ly  due to  th e  
r e a c t iv i t i e s  of the two types of group. Since le s s  th an  10%
iso m erisa tio n  had occurred  during the  m aleic ac id  e s te r i f i c a t io n ,  
t h i s  i s  s t i l l  a v a l id  comparison between fum arate and m aleate .
Both th e  m aleic a c id  and th e  fum aric ac id  gave an eq u ilib riu m  
degree of e s te r i f i c a t io n  of 68.8% w henreacted w ith  a 100% excess of 
g ly c o l, showing th a t  th e  r e la t iv e  r a t e s  of th e  forward and rev e rse  
re a c tio n s  were th e  same in  the  two c a se s .
I t  i s  d i f f i c u l t  to  p re d ic t what e f f e c t  th e  fo rm ation  o f m aleic 
a c id  would have on th e  k in e t ic s  of the  e s te r i f i c a t io n  of g ly co l 
m aleate to  eq u ilib riu m . I f  i t  i s  e s te r i f i e d  almost as r a p id ly  as i t  
i s  formed by h y d ro ly s is , th en  the  k in e t ic  trea tm en t shown in  F igure  4*2.1 
would be n e a r ly  c o rre c t • On the  o th e r hand, i f  the  r a te  of h y d ro ly s is  
of monomaleate e s te r s  i s  much g re a te r  than  th a t  of m aleate d ie s te r  so 
th a t  the  r a t e  of bo th  th e  form ation  and e s te r i f i c a t io n  o f m aleic a c id  
would be very  ra p id , th en  the k in e t ic  trea tm en t shown in  F igure 4 .2 .2 .  
•would be more n e a rly  c o r re c t .  Some evidence fo r  a  h igh  r a te  of 
h y d ro ly sis  was g iven by the  experiment in  which g ly c o l m aleate was 
h ea ted  w ith  1 mol of w ater (R94) • The i n i t i a l  50% e s te r  dropped 
r a p id ly  to  46%, befo re  f in a l ly  reach ing  the  equ ilib riu m  value o f 54%«
As can be seen by the comparison o f the  r a te s  of e s te r i f i c a t io n  
of m aleic and fum aric a c id s , i f  iso m erisa tio n  occurred  a t  th e  same 
tim e as e s te r i f i c a t io n ,  the  r a te  of e s t e r i f i c a t i o n  would be reduced  
during the re a c tio n  by a  fa c to r  o f about two.
E quilib rium  C onstants .
E quilib rium  co n stan ts  were c a lc u la te d  from th e  f ra c t io n ^ o f  a c id  
re a c te d  a t  eq u ilib rium , fo r  the fo u r b a s ic  re a c tio n s  s tu d ied  a t  150° .
The v a lu es  ob tained  are  shown below:
R eaction  R eactan ts B. C. E . K.
R 50 
R 65 
R 62 
R 61
Glycol M aleate 1 1 0.37 1.28
Glycol M aleate excess g ly co l 3* 1 0.606 1.03
M aleic a c id  ethy lene g ly c o l 1» 0 0.535 1*32
M aleic ac id  excess e thy lene g ly c o l 2 0 0.688 1.16
where E i s  the f r a c t io n  o f ac id  groups re a c te d  a t  equ ilib rium
K i s  the  e s te r i f i c a t io n  equ ilib rium  co n s tan t: where K » (C+E)E
( i -e ) (b -e )
B i s  th e  molar r a t i o  o f -OH to
C i s  the  molar r a t i o  o f e s te r  to  -GO^H a t  s t a r t
The v a r ia t io n  of K from re a c tio n  to  re a c t io n  i s  due to  th e  f a c t  
th a t  K i s  a composite K made up of four o th er equ ilib riu m  c o n s ta n ts , 
one fo r  each of th e  fo u r  p o ss ib le  e s te r i f i c a t io n s  between two types 
o f -OH group and two types of £rouP* I t  has been shown th a t
th e se  groups have d if f e re n t  r e a c t i v i t i e s  and i t  i s  reasonab le  to  
suggest th a t  th ey  w ould have d if fe r in g  eq u ilib riu m  constan ts*
Prom th e  above d a ta  i t  can be seen th a t  th e  va lue  o f R in c re a se s  
as th e  degree o f e s te r i f i c a t io n  of the -OH groups (C+S)/(B+C) in c re a se s  
b u t decreases vrith  in c reased  degree o f  condensation of th e  a c id  
(C+E)/(C+1).
Other g ly co ls
The k in e t ic s  o f th e  e s te r i f i c a t io n  o f th e  m aleate m dnoesters of 
four o ther alcohols were a lso  examined. The a lcoho ls  used were 
m ethanol, hexan-i ,6 -d io l ,  propylene g ly c o l and b u ta n -2 ,3 -d io l.  In  each 
case the  e s te r i f i c a t io n  to  equ ilib riu m  was s tu d ied  a f t e r  th e  com pletion 
of th e  ad d itio n  e s te r i f i c a t io n  stage  o f the  r e a c t io n .
The r e s u l t s  ob tained  using  h e x a n - l ,6 -d io l  a t  150°(B139) were 
p a r t ic u la r ly  in te r e s t in g ,  fo r  although , a t  th e  s t a r t  of the  
e s te r i f i c a t io n ,  th e  m ixture con tained  g ly c o l, g ly c o l m onoesters and 
g ly c o l d ie s te r s ,  the d a ta  obtained  gave a  s t r a ig h t  l in e  fo r  a  2^ o rder
r e a c t io n .  This i s  shown in  F igure 4*2.12 to g e th e r w ith  the  curves 
obtained  fo r  2nd and 3rd order k in e t ic s .  This i s  c o n s is te n t w ith  
th e  r e s u l t s  p rev io u sly  obtained  f o r  the a d d itio n  e s te r i f i c a t i o n  o f 
t h i s  g ly c o l which in d ic a te d  th a t  th e  two -OH groups were s u f f ic ie n t ly  
f a r  a p a r t fo r  th e  r e a c t iv i ty  of one group no t to b e  a f fe c te d  by th e  
e s te r i f i c a t io n  of the  o ther group a t  th e  f a r  end of the m olecule.
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tts uixj-y a smaxj- umounu \yyoj o r iso m erisa tio n  occurred  during 
th i s  re a c t io n , the e f f e c t  of the  iso m erisa tio n  on the  k in e t ic s  of th e  
e s te r i f i c a t io n  can he d isreg a rd ed . The d iffe re n ce  between th e  th ree  
k in e t ic  trea tm en ts  i s  more pronounced in  t h i s  case as th e  d a ta  covers 
the  range 0~60/o r e a c t io n .  This r e s u l t - th e re f o re  helps to  j u s t i f y  the 
adoption of a 2^ o rder f o r  th e  e s te r i f i c a t io n ,  and th e  assum ption 
th a t  th e  n o n -lin e a r  graphs f o r  th e  e thy lene  g ly c o l re a c tio n s  were due 
to  d iffe re n c e s  in  r e a c t i v i t i e s  of -OH groups (and to  iso m erisa tio n ) •.
F u rth e r supporting  evidence was obtained  from th e  m ethanol/ 
m ethyl m aleate sealed  tube e s te r i f i c a t io n  a t  30° (R96) • In  th i s  
case  th e re  was only  one type of -OH group p resen t and a  s t r a ig h t  l in e  
was ob tained  f o r  2^ order k in e t ic s .  The r e s u l t s  ob ta ined  f o r  th i s  
m ethanol and a h e x a n - l,6 -d io l re a c tio n , bo th  a t  50° 9 a re  shown in  
F igure  4 .2 .1 3  to g e th e r w ith  the  curve ob ta ined  fo r  g ly c o l m a lea te .
The r e s u l t s  obtained  fo r  propylene g ly c o l (R120) and b u ta n -2 ,3 ”&iol 
(R167) a t  130° are shown in  F igure 4*2.14* A ll d a ta  has been t r e a te d  
f o r  2^ - order k in e t ic s .  The n o n - lin e a r i ty  in  th ese  cases  was assumed 
to  be due to  th e  d iffe ren ce  in  r e a c t i v i t i e s  of th e  -OH groups and to  
th e  iso m erisa tio n  th a t  was a lso  occurring  a t  th e  same tim e. For 
comparison, the curve ob tained  fo r  th e  e thy lene g ly c o l r e a c t io n  i s  a lso  
shown.
The a c t iv a t io n  energ ies  f o r  the  e s te r i f i c a t io n  o f th ese  o th e r 
g ly co ls  were s im ila r  to  th e  v a lu es ob ta ined  fo r  e thy lene  g ly c o l .  For
example, a  comparison of the  r a te s  o f 50° and 150° gave a v a lu e  of
—1 —1 
69kJ mol (16.3k c a l  mol ) fo r  the  h e x a n - l,6 -d io l r e a c t io n  and
—1 —1 70kJ mol (16.7k c a l  mol ) fo r  the  propylene g ly c o l r e a c t io n .
R e la tiv e  re a c tio n  r a te s
Table 4 * 2 .2 . below g iv es  a comparison o f the r a t e  c o n s ta n ts  f o r  
th e  e s te r i f i c a t io n  o f the  v ario u s  a lco h o ls  examined a t  50° .
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Table 4* 2 .2 .
R eaction  Alcohol 10^ka*^2( s~^) a(mol 1 ^  10^k(l^2mol ^2s~^) r
R 96 M 1 6 .2  6 .6  96 3 .2
R 140 -H- 6^3 5 .1  95 1 .8
R 64 -E - 6 .9  8 .1  30 1
R i l l  -P s-  1 .4  7 .0  7 .7  0 .26
R 152 -sB s- ' 1 .1  6 .4  7 .0  0.23
V a lu e s o f  a  -were c a lc u la te d  from m olecular volumes
r  = r e l a t iv e  r a t e  compared -with th a t  of e thy lene g ly c o l 
1-1
The v a lu es  lea 2 were ob ta ined  from the  graphs o f YB ag a in s t tim e 
(using  th e  equations in  S ection  2 .6 .1 1 .) .  I t  must of course be 
remembered th a t  th e  comparison makes no allowance fo r  th e  r e l a t iv e  
r e a c t i v i t i e s  o f -OH groups on th e  g ly co ls  and th e i r  m onosubstitu ted  
p ro d u c ts , or th e  ex is ten ce  of bo th  prim ary and secondary -OH groups 
on propylene g ly c o l.  When n o n -lin e a r  graphs were o b ta in ed , th e  
average value o f  k was c a lc u la te d  from the tim e to  reach  YB = 1 .
Thus, th e  va lu es  quoted are  th e  average va lu es  fo r  th e  v a rio u s  types 
o f -OH group p resen t during th e  e a r ly  p a r t  of the  r e a c t io n .
A comparison of th ese  r e s u l t s  w ith  those quoted in  Table 4*1*6 
shows c le a r ly  th a t  th e  ad d itio n  e s te r i f i c a t io n  Is  about 200 tim es 
f a s t e r  than  th e  condensation e s te r i f i c a t i o n .  A lso, although th e  
v a rio u s  a lcoho ls  m ain tain  the.sam e order of r e a c t i v i t i e s ,  th e  e f f e c t  
o f s tru c tu re  on th e  r a t e  i s  much le s s  pronounced in  t h i s  c a se . Thus, 
although h e x a n - l,6 -d io l r e a c ts  9 tim es f a s t e r  than  ethy lene g ly c o l 
in  the a d d itio n  e s te r i f i c a t io n ,  i t  on ly  r e a c ts  tw ice as f a s t  in  th e  
condensation e s te r i f i c a t io n .  Even so , th e  e f f e c t  of s tru c tu re  on th e  
condensation ra te ,  i s  s t i l l  g re a te r- th a n  th a t  quoted in  the  l i t e r a t u r e ^ .
Table 4*2.3 g iv es  values of K, the  equ ilib riu m  co n sta n t a t  50°, 
c a lc u la te d  from th e  f r a c t io n  re a c te d  a t  eq u ilib riu m , and v a lu es  o f k 1 
th e  r a te  co n stan t fo r  the rev e rse  h y d ro ly s is  r e a c t io n , c a lc u la te d  from
TABLE 4 .2 .3 .
R eaction Alcohol . . E K k k ’ r 1
R 96 , M- .61 6.5 96 14.8 *79
R 140 -H- *585 5*4 55 10.1 •54
R 64 -E- *405 1 .6 30 18.8 1
R 111 -P s- .36 1 .2 7 .7 6.5 •35
R 152 -sB s- *32 0.9 7*0 7*7 .41
E = f r a c t io n  re a c te d  a t  equ ilib rium  
K = eq u ilib riu m  co n stan t
—9 1~ —i — —ik = e s te r i f i c a t io n  r a te  co n stan t x 10 ( l  ^ o l  2s )
—q  i - i  - 1 — —1 
k ! = h y d ro ly sis  r a t e  co n stan t x 10 ( l  2mol 2s  )
r* = r e l a t iv e  r a te  fo r  the  rev e rse  r e a c t io n  compared 
w ith  th a t  of e thy lene g ly c o l.
The v a r ia t io n  in  the v a lu es  of K g iv es  v a lu es  fo r  the  h y d ro ly s is
r a t e  co n s ta n ts  which are  much le s s  s e n s i t iv e  to  the s tru c tu re  o f
th e  a lco h o l and are  more c o n s is te n t w ith  r e la t iv e  v a lu es pub lish ed
in  th e  l i t e r a t u r e  which are  m ainly d erived  from the r a te s  o f h y d ro ly s is
re a c t io n s .
P h th a la te  e s te r s
The e s te r i f i c a t io n  to  equ ilib rium  of g ly c o l m onophthalate (R125)> 
a  g ly c o l m onophthalate/g lycol monomaleate mix (R126) (p repared  by 
re a c tin g  1 mole of p h th a lic  anhydride and 1 mole of m aleic . 
anhydride w ith  2 mole of ethylene g ly c o l)  v/as a lso  examined. The 
r e s u l t s  are  shown in  F igure 4*2.15 to g e th e r  w ith  those o b ta in ed  
fo r  g ly c o l monomaleate. A ll d a ta  have been t re a te d  fo r  2^ o rder
k in e t ic s .  As can be seen, the r a te  of e s te r i f i c a t io n  of th e  p h th a la te
1“  ~5 —1e s te r  i s  le s s  than  1/10 of th a t  o f  the m aleate e s te r  (ka 2 = 1.66 x 10 s ) .
At equ ilib rium  39% of th e  monoester was e s te r  i f  ie d  (compared w ith
37% fo r  the m aleate e s te r ) ,  th i s  gave a value of K = 1 .2 8 . Thus th e
r a te  of h y d ro ly s is  of the  g ly c o l p h th a la te  e s te r  was a lso  much slower
th an  th a t  of th e  m aleate and fum arate e s te r s ,  although t h i s  e f f e c t
could  have been p a r t ly  due to  th e  lower s tre n g th  of th e  p h th a lic  a c id s .
The m ixture behaved as expected, th e  i n i t i a l  high r a t e  being due
to  th e  e s te r i f i c a t io n  of th e  m alea te . As th e  m aleate was used up,
th e  r a t e  decreased to  th a t  of the  p h th a la te  e s te r .  Even so , th e
i n i t i a l  r a t e  of e s te r i f i c a t io n  was 20% slower than  th e  average of
th e  in d iv id u a l r a te s  of th e  two components. This could  have been due
to  th e  f a c t  th a t  th e  r a t e  was determ ined by two f a c to r s ,  one th e
r e a c t iv i ty  of th e  a c id  groups and th e  o th e r , the  e f fe c tiv e n e ss  of th e
groups as c a ta ly s t .  These r e s u l t s  would in d ic a te  th a t  th e  p h th a la te
a c id  groups a re  le s s  re a c t iv e  th an  th e  m aleate a c id  groups and th a t
th ey  a re  weaker a c id s . This has an im portant bearing  on th e
iso m erisa tio n  process to  be d iscussed  l a t e r .
R ecen tly  the k in e t ic s  of th e  g ly c o l p h th a la te  e s te r i f i c a t io n
51were examined by Shkolman and Z e id le r  , who considered  th e  r e a c t io n
52t o  be second o rd e r. Van der Zeeuw , has s tu d ie d  the  ca ta ly se d  
condensation e s te r i f i c a t io n  of p h th a la te  m onoesters w ith  excess 
a l ip h a t ic  a lco h o ls .
C a ta ly s is  by Strong Acid
The e f fe c t  of a strong  ac id  on the r a t e  of the  e s te r i f i c a t i o n  
to  eq u ilib riu m  was a lso  examined. The a c id  used v/as p -to lu en esu lp h o n ic  
ac id  monohydrate which i t  was hoped would have a sm all e f f e c t  on the 
r a t e  of iso m erisa tio n  of m aleate e s te rs*  This was based on the
o bserv atio n  th a t  su lp h u ric  ac id  was not v ery  e f fe c t iv e  as a  c a ta ly s t
38 38f o r  th e  iso m erisa tio n  of m aleic a c id  , whereas hydrogen h a lid e s
53and p -to lu en e  sulphonyl ch lo rid e  are  very  e f fe c t iv e  iso m e risa tio n  
c a ta ly s ts .
In  an i n i t i a l  experiment (R9l) v/ith  1% added c a ta ly s t  a t  150°,
th e  r a t e  was so f a s t  th a t  th e  equ ilib riu m  had "been reached  by the 
tim e th e  m ixture a t ta in e d  th e  re a c tio n  tem peratu re . A s e r ie s  of 
re a c tio n s  (R 142) were th e re fo re  c a r r ie d  out a t  50° w ith  0.06-1/2 of 
added c a ta ly s t .  The r e s u l t s  of the two extreme ends o f t h i s  range 
a re  shown g ra p h ic a lly  in  F igure  4*2.16 to g e th e r  w ith  th e  r e s u l t s  
of an u n cata ly sed  r e a c t io n .  A ll d a ta  has been t r e a te d  as 2nd o rder 
k in e t ic s .  No s t r a ig h t  l in e  r e la t io n s h ip  was found fo r  any of the 
c a ta ly se d  re a c t io n s .  I t  was ev en tu a lly  concluded th a t  the  e f f e c t iv e ­
ness of th e  c a ta ly s t  was decreasing  w ith  in c rease  in  th e  degree of 
e s te r i f i c a t i o n .  A c a re fu l  check was c a r r ie d  out to  see i f  any 
r e a c t io n  between the c a ta ly s t  and th e  r e a c t io n  m ixture was o ccu rrin g . 
None was d e tec ted  e i th e r  by ac id im etry  or by n .m .r .
In  order to  determ ine th e  e f fe c t  of the  c a ta ly s t  co n cen tra tio n  
on th e  r a t e  of th e  r e a c t io n , the  time to  reach  35/2 e s te r i f i c a t io n -  
was determ ined fo r  each c a ta ly s t  co n cen tra tio n  and compared w ith  the 
tim e fo r  th e  unca ta ly sed  r e a c t io n .  The r e la t iv e  average r a t e  was 
then  assumed to  be p ro p o rtio n a l to  the r e c ip r ic a l  of th e  tim e . A 
graph of th ese  r e la t iv e  r a t e s  ag a in s t co n cen tra tio n  i s  shown in  
F igure 4*2.17 and in d ic a te s  a l in e a r  r e la t io n s h ip  between c a ta ly s t  
co n cen tra tio n  and r a t e .  A lso, a  p lo t  of log (c a ta ly se d  r a te  -  
u n ca ta ly sed  r a te )  ag a in s t log ( c a ta ly s t  co n cen tra tio n ) gave a 
s tr a ig h t  l in e  graph w ith  a  slope = i , in d ic a tin g  a  f i r s t  o rder 
dependence of the r a t e  on c a ta ly s t  co n cen tra tio n .
The decrease in  the  effectivenesis  of th e  c a ta ly s t  w ith  in c reased
e s te r i f i c a t io n  was probably  due to  the  presence o f the r e ta in e d  w ater
in  th e  system . A s im ila r  e f f e c t  was noted  by Goldschmidt and co - 
54workers during th e i r  work on the' s trong  ac id  ca ta ly se d  e s te r i f i c a t i o n  
o f form ic a c id . They explained  th e i r  r e s u l t s  in  term s o f c a ta ly s is  of 
the  re a c tio n  by th e  lyonium ion  ROH .^ The presence of w ater reduced  
th e  co n cen tra tio n  of t h i s  ion  (due to  the  equ ilib rium  :
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and therei?ore the  r a t e  of re a c tio n  decreased . This e f f e c t  can a lso
\ 55he expressed in  term s of Hammett’s a c id i ty  fu n c tio n  (Ho) , which has 
been used to  r e l a t e  th e  e ffe c tiv e n e ss  of ac id  c a ta ly s ts  in  nan-aqueous 
m edia.
The e f f e c t  o f 1 % added p -to luenesu lphon ic  a c id  monohydrate on 
th e  r a t e  o f p o ly e s te r i f ic a t io n  a t  100° (R 102) i s  shown in  F ig u re  4*2.18 . 
Both c a ta ly se d  and u n ca ta ly sed  re a c tio n s  a re  shown as 2nd o rd e r . I t
was n o tic e ab le  in  t h i s  case th a t  th e  e f fe c tiv e n e s s  o f th e  c a ta ly s t
d id  n o t decrease w ith  degree of e s te r i f i c a t io n ,  as i t  d id  in  th e
e s te r i f i c a t io n  to  e q u ilib riu m . In  f a c t ,  th e  upward sweep o f th e  curve
o f th e  c a ta ly se d  re a c t io n  could  have been due to  an in c reased  
e ffe c tiv e n e s s  of the  c a ta ly s t  w ith  in c reased  condensation, p o ss ib ly  
due to  th e  decrease in  th e  co n cen tra tio n  of f re e  w ater w ith  tim e .
These r e s u l t s  could a lso  be exp lained  by a 1J  o rder r e a c t io n .
Secondary re a c tio n s  ~
As mentioned e a r l ie r^  th e re  was some d i f f i c u l ty  in  determ ining 
the  exact p o s it io n  o f th e  e s te r i f i c a t io n  equ ilib riu m  as t h i s  d r i f t e d  
slow ly due to  secondary r e a c t io n s .  For example, th e  condensation  
of g ly c o l monomaleate reached an eq u ilib riu m  of- 37/° e s te r  i f  ie d  a f t e r  about 
two hours, bu t th i s  was follow ed by a slow upward d r i f t  averaging 
about 0,06% p er hour, so th a t  a f t e r  a  t o t a l  o f 100 hours th e  m ixture 
was 43/S e s te r i f i e d .  This secondary re a c t io n  slowed down w ith  tim e, 
so th a t  the  43% was no t exceeded, and appeared to  be a. r e v e rs ib le  
p ro c e ss . I t  was d i f f i c u l t  to  s tudy  t h i s  re a c tio n  a c c u ra te ly  in  term s 
of th e  degree of e s ls r i f ic a t io n  as th i s  could  on ly  be determ ined to  an 
accuracy of 0.2% i n i t i a l l y  and t h i s  accuracy was reduced to  0.5% as 
th e  secondary re a c tio n  proceeded.
F u rth e r evidence to  suggest th i s  d r i f t  v/as due to  a secondary 
r e a c t io n  was g iv en  by the  f a c t  th a t  i f  a g ly c o l m aleate was allow ed
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to  a t t a in  the k-0% eq u ilib riu m  e s te r i f i c a t io n  a t  50~ and was then  
h ea ted  to  150° ,  th e  % e s te r i f i c a t io n  dropped ra p id ly  to  the  h ig h er 
tem perature eq u ilib riu m  value of 37/°* b efo re  d r if t in g  slow ly upwards 
to  43/°« This d r i f t  in  % e s te r i f i c a t io n  was assumed to  be due to  the 
known h y d ra tio n  of m aleic and fum aric ac id s  and th e i r  e s te r s  to  g ive 
m alic ac id  and e s t e r s '^ ’
R0 -GO -CH=CH--C0 -OR R0-C0-CHo-CH-C0-0R
 |
+ H20 oh
T his e f f e c t iv e ly  relieves w ater from th e  system to  produce a lco h o l
g roups. Hence the  p o s it io n  of equ ilib riu m  i s  d is tu rb e d . A 1/S d r i f t
in  th e  p o s it io n  o f equ ilib riu m  would in d ic a te  th e  form ation o f
m a la te •
The a d d itio n  of a lco h o ls  to  th e  m aleic double bond i s  a lso  
57known •
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This e f f e c t iv e ly  removes a lco h o l from th e  system and would r e s u l t
in  a downward d r i f t  in  the p o s it io n  of eq u ilib riu m . A drop o f
would in d ic a te  the form ation  of kfo o f m alate e th e r .  I t  i s  p o ss ib le
th a t  bo th  re a c tio n s  occurred and th a t  th e  observed upward d r i f t  was
th e  n e t t  e f f e c t  of th e  two re a c t io n s .  The n .m .r sp e c tra  of the
re a c tin g  m ixtures showed c le a r ly  a  decrease in  the  amount o f
u n sa tu ra tio n  and the form ation o f m alate g roups. When a '\00fo excess
of g ly c o l was used to  prepare the  eq u ilib riu m  m ix tu re , on ly  a  v e ry
sm all upward d r i f t  was no ted , b u t t h i s  was follow ed by a  v e ry  slow
downward d r i f t .  Thus, the equ ilib rium  of 68 .Bfo which was o r ig in a l ly
ob tained  from a m ixture of m ale ic -ac id  and 2mol of e thy lene g ly c o l ,
slow ly s h if te d  w ith  tim e so th a t  a f te r  150 days a t  150° i t  had
dropped to  G \-fo and a  very  la rg e  amount of m alate had been formed.
The monomale a t es from propylene g ly c o l and h e x a n - l,6~ d io l a lso  
sh07/ed the  upward d r i f t  described  above, although th e  d r i f t  was 
slower in  th e  h e x a n - l,6-d io l  case (about O.Oi% per h o u r) . The 
m ethanol/m ethyl m aleate m ixture showed a downward d r i f t  ( 0 . 02/0 per 
h o u r) •
G lycol p h th a la te  equ ilib riu m  mixes a lso  shoy/ed a downward d r i f t  
in  th e  p o s it io n  of equ ilib riu m  a t  150° (0.005% per h o u r) . In  t h i s  
case th e  d r i f t  was p ro g ressiv e  and obviously  d id  no t involve th e  
form ation  o f mala.te e s te r s .  The d r i f t  could be exp la ined  by 
dehydration  of the  g ly c o l to  g ive  an aldehyde, or a l in e a r  o r c y c lic  
e th e r .  A 1% drop in  th e  degree of e s te r i f i c a t io n  would correspond 
to  th e  lo s s  o f 2% of th e  alcoho l and the form ation o f 1% of w ate r.
In  one experiment a m ixture which had an eq u ilib riu m  va lu e  of 39% 
e s te r i f i e d  was heated  a t  150° fo r  77 days. The percen tage e s t e r i f i e d  
dropped p ro g re ss iv e ly  by 32.7% Although no side  re a c tio n s  were 
d e tec ted  by n .m .r , gas chromotography of th e  product a f t e r  h y d ro ly s is  
showed th e  presence of a moderate amount of d ie thy lene g ly c o l,  thus 
confirm ing th a t  dehydration of the g ly c o l was o ccu rrin g . This 
dehydration  probably  a lso  occurs in  th e  m ale ic -g ly co l system , b u t 
i s  le s s  im portant than  the  o ther secondary r e a c t io n s .
When p -to luenesu lphonic ac id  monohydrate was used as a  c a ta ly s t  
a v ery  ra p id  downward s h i f t  in  the p o s it io n  o f equ ilib rium  v/as o b ta in ed . 
This was assumed to  be a lso  due to  the  dehydration of the  g ly c o l .
Thus, th e  c a ta ly s t  had a marked e f fe c t  on the g ly co l dehydration  b u t 
d id  not seem to  a f fe c t  th e  form ation o f m alate e s te r s .  Graphs 
comparing the d r i f t s  in  the eq u ilib riu m  p o s it io n  w ith  and w ithout 
a  c a ta ly s t  a re  shown in  F igures 4^2.19 and 20. Strong ac id s  a re  not 
norm ally added during the  p rep a ra tio n  of commercial p o ly e s te r  r e s in s  
because they  cause g ly co l dehydration .
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4«3« Isom erisation
I so m e r is a tio n  o f m aleate to  fum arate  can occur d u rin g  th e  
p re p a ra t io n  o f a p o ly e s te r  from m aleic anhydride as soon as any m alea te  
m onoesters a re  formed from th e  a d d it io n  e s t e r i f i c a t i o n  o f th e  anhydride  
w ith  th e  g ly c o l .  However, s in c e  th e  a d d it io n  r e a c t io n  i s  r e l a t i v e ly  
fa .s t compared wTi t h  th e  condensa tion  e s t e r i f i c a t i o n  o r th e  is o m e r is a t io n , 
th e  fo rm atio n  o f th e  g ly co l m alea te  can be v i r t u a l l y  com pleted b e fo re  
any is o m e r is a tio n  has o ccu rred . As soon as th e  tem p era tu re  i s  r a is e d  
to  s t a r t  th e  co n d en sa tio n  r e a c t io n ,  iso m e r is a tio n  o c c u rs . At th e  s t a r t  
o f th e  co n d en sa tio n  a l l  th e  m aleate  groups a re  m onoesters , b u t as th e  
e s t e r i f i c a t i o n  p ro ceed s th e se  a re  converted  in to  m alea te  d i e s t e r s .  A 
f u r th e r  co m p lica tio n  i s  th a t  f r e e  m aleic a c id  i s  a lso  form ed, e i t h e r  by 
t r a n s e s t e r i f i c a t i o n  o r by h y d ra tio n  of m ale ic  anhydride (formed •*y 
th e  decom position o f th e  m ale ic  m onoester) • Thus we have as  l e a s t  
th re e  components p re s e n t  th a t  can iso m erise : m aleic a c id ,  m aleate  
m onoesters and m aleate  d i e s t e r s .
A lthough much work has been p u b lish e d  on th e  is o m e r is a t io n  o f 
m aleic  a c id  and. s im ple m aleic d ie s t e r s  th e re  are  no re fe re n c e s  i n .  
th e  l i t e r a t u r e  to  th e  u n c a ta ly se d  iso m e r is a tio n  o f m alea te  m on o este rs . 
H eating  o f a lb y i m aleate monoesters, g iv es  a  p a r t i a l  breakdown in to  a lc o h o l 
and an h ydride , e s t e r i f i c a t i o n  of th e  m onoester by th e  a lc o h o l,  and 
h y d ra tio n  of th e  anhydride , and r e s u l t s  in  th e  fo rm atio n  o f a m ix tu re  
of m ale ic  a c id , monoalkyl m aleate  and d ia lk y l  m a lea te . T hat i s ,  th e  
m onoester d is p ro p o r tio n a te s .  A s im ila r  r e s u l t  would a ls o  be o b ta in ed  
by an a c id /e s te r  t r a n s e s t e r i f i c a t i o n .  When a g ly co l monomaleate i s  
h e a te d , condensation  e s t e r i f i c a t i o n  a lso  occu rs  and r e s u l t s  in  th e  
fo rm atio n  of dim er, tr im e r  and e v e n tu a lly  polym er m o lecu le s . T h is i s  
o b v io u sly  a d i f f i c u l t  system  in  which to  s tu d y  th e  is o m e r is a t io n  p ro c e s s .
The p u b lish ed  work on th e  iso m e r is a tio n  of p o ly e s te r  r e s in s  has
been e x c lu s iv e ly  concerned w ith  measurement of th e  r a t e s  o f e s t e r i f i c ­
a t io n  and iso m e r is a tio n  as th ey  o ccu rred  s im u ltan eo u sly  under c o n d itio n s  
s im i la r  to  th o se  u sed  in  th e  commercial p re p a ra t io n  o f u n s a tu ra te d  
p o ly e s te r s .  No a ttem p ts  have been made to  s tudy  th e  s p e c ie s  p re s e n t  
a t  th e  v a rio u s  s ta g e s  of th e  e s t e r i f i c a t i o n ,  o r to  r e l a t e  th e  r a t e s  of 
is o m e r is a tio n  to  th e  c o n c e n tra tio n  of th e se  r e a c t in g  s p e c ie s .
O bviously  what i s  r e q u ire d  i s  some method of keep in g  th e  com position  
th e  same w hile  s tu d y in g  th e  iso m e r is a tio n  r e a c t io n .  Measurement o f th e  
r a t e  o f is o m e r is a tio n  a t  v a r io u s  s ta g e s  d u rin g  th e  p o ly co n d en sa tio n  
can on ly  g ive  u s e fu l  in fo rm a tio n  i f  th e  k in e t i c s  o f th e  is o m e r is a t io n  
a re  known, o r i f  th e  same f r a c t io n  o f th e  is o m e r is a t io n , e .g .  th e  f i r s t  
5$, cou ld  be s tu d ie d  a t  d i f f e r e n t  s ta g e s  o f th e  e s t e r i f i c a t i o n .  In  th e  
p re s e n t work iso m e r is a tio n  s tu d ie s  were o f te n  c a r r ie d  ou t in  s e a le d  
tu b es  in  an a ttem p t to  m a in ta in  a c o n s ta n t degree o f e s t e r i f i c a t i o n .
The p e rcen tag e  is o m e r is a tio n  was determ ined  on a l l  th e  sam ples 
tak en  d u rin g  th e  e s t e r i f i c a t i o n  to  e q u ilib r iu m  ex p erim en ts , b e fo re  and 
a f t e r  e q u ilib r iu m  had been o b ta in e d . I t  was n o t p o s s ib le  to  e x p la in  
th e  r e s u l t s  o b ta in ed  from th e  i n i t i a l  experim ents (R5 0 > R53 and R5 4 )> 
where e s t e r i f i c a t i o n  and iso m e r is a tio n  were o c c u rrin g  s im u lta n e o u s ly , 
by any sim ple k in e t ic  tre a tm e n t. This was because th e  r a t e  o f iso m er-  • 
i s a t i o n  dropped ra p id ly  w ith  in c re a se d  degree  of e s t e r i f i c a t i o n ,  b ecause  
o f th e  l im ite d  accuracy  of th e  fc is o m e r is a tio n  d e te rm in a tio n s , and 
because  of th e  l im ite d  e x te n t o f iso m e r is a tio n  (due to  th e  r e s t r i c t e d  
tim e o f r e a c t io n )  . One th in g  th a t  was obvious was t h a t  th e  is o m e r is a t io n  
r e a c t io n  had a s ig n i f i c a n t ly  h ig h e r  a c t iv a t io n  energy th an  th e  e s t e r i f ­
i c a t io n  p ro c e ss . T his prompted a s e r ie s  o f experim ents in  which the  
e s t e r i f i c a t i o n  was allow ed to  p roceed  a t  50° f o r  about fo u r  weeks so 
t h a t  e q u ilib riu m  e s te r i f i e d  m ix tu res  were o b ta in ed  w ith o u t any ap p rec ­
ia b le  iso m e r isa tio n  having o c c u rre d . These mixes were th e n  used f o r  
iso m e r is a tio n  s tu d ie s  a t  e le v a te d  tem p era tu res  (R101, R95, R76 and 
R106). At 110° the  r e a c t io n  was abandoned due to  c r y s t a l l i s a t i o n  o f
fum aric  ac id  a f t e r  14 days when th e  m ixture had become 66$ iso m e rise d .
At 130, I 50 and 170° th e  r e a c t io n s  were co n tinued  u n t i l  a t  l e a s t  95$ 
is o m e r is a tio n  had been ach iev ed . This re q u ire d  12 days a t  130° b u t 
on ly  15 hours at* 170°. The r e s u l t s  o b ta in ed  in d ic a te d  th a t  th e  r a t e  
o f iso m e r is a tio n  depended app rox im ate ly  on th e  1s t  o rd e r  o f th e  
m aleate  c o n c e n tra tio n . Graphs f o r  1 s t o rd e r  k in e t ic s  a re  shown in  
F ig u re  4 .3*1 . (page 1 9 0 ). In  t h i s  s e c t io n  graphs o f lo g ^ Q ( l / ( l - P ) ) 
a re  p lo t te d  a g a in s t  tim e f o r  1s t  o rd e r k in e t i c s ,  so t h a t  th e  s lo p e  
o f th e  graphs i s  k /2 .3*  As can be seen from th e  g raphs, s t r a ig h t  
l in e s  were not o b ta in ed .
There could  o f course be s e v e ra l  rea so n s  why th e se  g raphs a re  
n o n - l in e a r .
A. The r e a c t io n  i s  of a h ig h e r  o rd e r  than  one. An o rd e r  o f 1 .2  
. would be needed and t h i s  does n o t seem v ery  l i k e ly .
B. The degree of e s t e r i f i c a t i o n  slow ly in c re a s e s  d u rin g  th e  is o m e r is a t io n  
(from  37-42$ see S ec tio n  4 .2 . ) ;  t h i s  would reduce th e  r a t e  o f 
is o m e r is a t io n .
G. The p ercen tag e  iso m e r is a tio n  determ ined i s  r e a l l y  th e  r e l a t i v e  
amounts of m alea te  and fu m ara te  p re se n t a t  v a rio u s  s ta g e s  of th e  
r e a c t io n .  S ince fo rm ation  o f m alate d ec re a se s  th e  amount o f  m a lea te  and 
fum arate 5 i t  cou ld  e f f e c t  th e  c a lc u la te d  r a t e  o f is o m e r is a t io n  
i f  th e  r a t e  c o n s ta n ts  f o r  th e  h y d ra tio n  o f th e  two isom ers d i f f e r .
L. As th e  m ixture c o n ta in s  m aleic  a c id , m aleate  m onoesters and m alea te  d i ­
e s te r s ,  and no allow ance i s  made f o r  t h i s  in  th e  k i n e t i c  t r e a tm e n t,  
i t  would be expected  th a t  th e  f i r s t  o rd e r  r a te  c o n s ta n t would 
d ec rease  w ith  tim e as th e  m o re^ reac tiv e  groups would iso m e rise  more 
r a p id ly .  S ince th e  iso m e r isa tio n  goes v i r t u a l l y  to  com ple tion  i t  
. im plies th a t  a l l  spec ies  have a  s im ila r  r e a c t i v i t y ,  o r  more l i k e l y  
th a t  th e  m ix ture  ra p id ly  t r a n s e s t e r i f i e s  so th a t  th e  r e l a t i v e  amounts
of a c id ,  .monoester and d i e s t e r  rem ain th e  same. U nless th e  r a t e  o f 
t r a n s e s t e r i f i c a t i o n  i s  very  f a s t  compared w ith  th e  is o m e r is a tio n  
some d e v ia tio n  from 1 s t o rd e r  k in e t ic s  would be e x p ec ted .
E . The iso m e r is a tio n  i s  a c id  c a ta ly s e d . I f  t h i s  i s  so th e n  th e  r a t e  
would depend on th e  s tr e n g th  o f th e  a c id s .  As th e  is o m e r is a t io n  
. p ro ceed s , m aleic a c id s  a re  re p la c e d  by fum aric  a c id s .  T his cou ld  
reduce th e  r a t e  o f th e  is o m e r is a t io n . Such an argum ent has been 
used  in  th e  l i t e r a t u r e  to  e x p la in  why some iso m e r is a tio n s  a re  2nd 
o rder w ith  re sp e c t to  m alea te .
Of th e se  f a c to r s ,  b) th e  change in  th e  degree o f  e s t e r i f i c a t i o n  
d u rin g  th e  iso m e r is a tio n  i s  a p p a re n tly  th e  most im p o rtan t s in c e ,  as w i l l  
bee shown l a t e r ,  th e  r a t e  o f iso m e r is a tio n  i s  very  dependant on th e  
degree o f e s t e r i f i c a t i o n .  The n o n - lin e a r  n a tu re  o f th e  g raphs cou ld  be 
e x p la in ed  e n t i r e ly  by t h i s  e f f e c t .  As w i l l  a lso  be seen  l a t e r ,  f u r th e r  
ev idence to  su g g est th a t  th e  v a r ia t io n  in  th e  s lope  o f th e  l in e s  i s  
due to  changes in  th e  p o s it io n  o f th e  e s t e r i f i c a t i o n  e q u il ib r iu m , i s  
g iven by experim ents in  which s t r a ig h t  l in e s  were o b ta in e d  when changes 
in  th e  p o s i t io n  o f e q u ilib riu m  were sm all (F ig u re  4 . 3 . I 7 . page 207 ) 
and by th e  in c re a se  in  th e  s lo p e  of th e  l in e  o b ta in ed  when th e  p o s i t io n  
of e q u ilib r iu m  d r i f t e d  to  low er v a lu es  (c a ta ly s e d  r e a c t io n  F ig u re  4 «3*9* 
page 197) .  .
The n .m .r .  s p e c tra  of the  iso m e ris in g  m ix tu res  showed c l e a r ly  t h a t  
th e  d i s t r i b u t io n  o f .a c id ,  m onoester and d i e s t e r  betw een m aleate  and 
fum arate rem ained f a i r l y  c o n s ta n t du ring  th e  is o m e r is a t io n , th u s  
in d ic a t in g  th a t  th e  e f f e c t  o f d) would be sm a ll.
Another reason not m entioned above i s  th a t the iso m e r is a t io n  i s  
a ls o  an eq u ilib r iu m  p r o c ess . The use o f prolonged r e a c t io n  tim es  
showed f a i r l y  c o n c lu s iv e ly  th a t an eq u ilib r iu m  c o n ta in in g  9 8 . 3- 9 8 . 6$  
o f fum arate was obtained  at 150° When t h i s  w as.a llow ed  fo r  in  th e
k i n e t i c s ,  an improvement was o b ta in ed  in  th e  curve h u t on ly  ahove 75$ 
is o m e r is a t io n . The e f f e c t  o f a llo w in g  f o r  th e  e q u ilib r iu m  i s  shown in  
F ig u re  4 . 3 . 2 . which covers th e  range 0-96•5$  is o m e r is a t io n . The 
e x is te n c e  o f an e q u ilib riu m  was a lso  shown by experim en ts in  which 
m aleic  ac id  and fum aric  ac id  were h ea ted  w ith  excess g ly c o l f o r  lo n g  
p e r io d s  a t  150°. A lthough c o n s id e ra b le  amounts of m ala te  were form ed, 
b o th  mixes gave an e q u ilib r iu m  c o n ta in in g  about 9 8 *5$  fu m ara te .
Because o f th e  v a r ia t io n  in  th e  s lo p e  o f th e  f i r s t  o rd e r  cu rv es  
th e  r a t e  c o n s ta n ts  quoted below a re  th e  average v a lu es  over th e  range  
0- 68$ iso m e r is a tio n  ( u n t i l  lo g  l / ( l - P )  = 0 . 5 )*
Table 4»3«1«
1s t  o rd e r  r a t e  c o n s ta n ts  f o r  th e  iso m e r is a tio n  of g ly c o l m aleate  
(Average 0-68$ r e a c t io n )
R eaction  Tem perature IQ^k (s  ^ )
R101 110° 0 .8 9
R 95 130° 4 .45
R 76 150° 1 8 .8
R106 170° 68 .0
The a c t iv a t io n  energy f o r  th e  iso m e r is a tio n  r e a c t io n  was 
c a lc u la te d  from th e  r a t e  c o n s ta n ts  g iven  above. As an a d d i t io n a l  check , 
th e  r a te r  of r e a c t io n  were a lso  compared in  term s o f th e  tim e re q u ire d  
to  re ach  44$ iso m e r isa tio n  ( lo g  l / ( l - p )  = 0 . 25 ) .  The r e s u l t s  a re  shown 
in  F ig u re  4*3*3.
In  b o th  cases an a c t iv a t io n  energy o f 102 k j/m o l (2 4 .4  k c a l/m o l)
was o b ta in e d . The r a t e  c o n s ta n ts  determ ined  f o r  th e  f i r s t  44$ r e a c t io n
were about 20$ g r e a te r  than  th o se  quoted above. The freq u en cy  f a c t o r
7 - 1A f o r  th e  r e a c t io n  was about 7 x 10 sec
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I n i t i a l  h igh  r a t e  o f iso m e r isa tio n
As th e  r a t e  o f iso m e r is a tio n  appeared to  he app ro x im ate ly  1 s t  
o rd e r  w ith  re s p e c t  to  th e  m aleate  c o n c e n tra tio n  a t  c o n s ta n t degree 
of e s t e r i f i c a t i o n ,  some of th e  i n i t i a l  experim ents were re p e a te d  
where g ly c o l m aleate  was h ea ted  d i r e c t ly  a t  150° w ith o u t p r io r  h e a t in g  
a t  5°°* F ig u re  4 . 3 . 4 . compares th e  r a te  o f iso m e r is a tio n  o f g ly c o l 
m alea te  a t  150° w ith  th a t  o b ta in e d  a t  th e  same tem p era tu re  a f t e r  th e  
g ly c o l m aleate  had been allow ed to  a t t a i n  e s t e r i f i c a t i o n  e q u ilib r iu m  
a t  5^° (d a ta  p re se n te d  as 1 s t  o rd e r  k i n e t i c s ) .  As can be seen from 
th e  g raph , b e fo re  e s t e r i f i c a t i o n  eq u ilib riu m  was reach ed  th e re  was 
a h igh  r a t e  o f iso m e r is a tio n  which decreased  w ith  in c re a s in g  d eg ree  
o f e s t e r i f i c a t i o n  u n t i l  a more o r l e s s  c o n s ta n t r a te  was o b ta in ed  
once e s t e r i f i c a t i o n  e q u ilib riu m  had been ach iev ed .
I t  i s  d i f f i c u l t  to  r e l a t e  th e  h igh  i n i t i a l  r a te  o f is o m e r is a t io n  
to  th e  degree of e s t e r i f i c a t i o n  as th e  i n i t i a l  high r a t e  o ccu rred  over 
th e  f i r s t  10 o r  15% o f th e  is o m e r is a t io n . ¥ h a t i s  e v id e n t ,  i s  t h a t  
th e  37% e s t e r i f i c a t i o n  r e s u l te d  in  a re d u c tio n  of th e  r a t e  o f iso m e r i­
s a tio n  o f about 70% o f i t s  o r ig in a l  v a lu e . The n .m .r .  s p e c tra  o f 
iso m e r is in g  mixes c o n ta in in g  m ale ic  a c id , m aleic  m onoester and m ale ic  
d i e s t e r  showed th a t  fum arate appeared f i r s t  as th e  m onoester. Thus i f  
m aleic  m onoesters were th e  main iso m e ris in g  sp ec ie s  th en  th e  37$ 
e s t e r i f i c a t i o n  should  have reduced  th e  r a t e  o f is o m e r is a t io n  by 37$ •
The observed  d ec rease  in  r a te  cou ld  be ex p la in ed  by assum ing a h ig h e r  
o rd e r o f dependence on th e  m aleic  m onoester c o n c e n tra tio n  ( 2nd and 3rd  
o rd e rs  would g ive  re d u c tio n s  of 60% and 74$ r e s p e c t iv e ly ) .  A more 
l i k e ly  e x p la n a tio n  i s  th a t  th e  i n i t i a l  h igh  r a t e  was due to  a s p e c ie s  
such as mono(2-0H e th y l)m a le a te  s in ce  a 37$ e s t e r i f i c a t i o n  of t h i s  would
d e c rease  i t s  c o n c e n tra tio n  by 74%*
%.
(The re d u c tio n  in  c o n c e n tra tio n  would a c tu a l ly  depend on th e  e x te n t  
to  which t r i r a e r ic  and polym eric sp e c ie s  were formed and on th e  amount 
of d is p ro p o r tio n a tio n  to  form m ale ic  ac id  and m aleate d ie s te r s .)
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T hus, t h e  a s s u m p tio n  t h a t  t h e  compound -E -M - was r e s p o n s i b l e  f o r  
t h e  h i g h  i n i t i a l  r a t e  w ou ld  e x p l a i n  t h e  o b s e r v e d  r e s u l t s .
M a le i c  a c i d  r e a c t i o n s
The r a te  o f is o m e r is a tio n  o f a m aleic  a c id /e th y le n e  g ly co l 
m ix tu re  (R6 2 ) a t  150° i s  compared w ith  th a t  o f  g ly c o l m alea te  in  
F ig u re  4*3*5• The m aleic  a c id /e th y le n e  g ly c o l mix v ery  r a p id ly  
a t ta in e d  an e q u ilib r iu m  value  o f 5 3 *5$ e s t e r i f i c a t i o n ,  ■which co rresp o n d s 
to  7/£ o f  g ly c o l monomaleate e s t e r i f i e d .  A lthough t h i s  mix gave a 
h ig h e r  r a t e  of iso m e r is a tio n  (k  = 34 x 10 ^s than  th e  g ly c o l 
m aleate  e q u ilib riu m  mix, i t  was c e r ta in ly  slow er th a n  th e  i n i t i a l  
r a t e  o f iso m e r is a tio n  o f g ly c o l m a lea te . Also shown on th e  same g raph  
a re  th e  r e s u l t s  o b ta in ed  from a g ly c o l m a lea te /w a te r  m ix tu re  (R 94)•
Here h y d r o l y s i s  o f  t h e  g l y c o l  m a le a t e  was v e r y  r a p id  so  t h a t  t h e  r e s u l t s  
o b t a in e d  w ere  v i r t u a l l y  t h e  same a s  t h o s e  o f  t h e  m a le i c  a c i d / e t h y l e n e  
g l y c o l  m i x t u r e s .  B oth  t h e  m a l e i c  a c i d / e t h y l e n e  g l y c o l  and t h e  g l y c o l  
m o n o m a le a te /w a te r  m ix e s  c o n t a in e d  l a r g e  am ounts o f  m a l e i c  a c i d  b u t  
i s o m e r i s e d  s lo w e r  th a n  t h e  u n e s t e r i f i e d  g l y c o l  m a l e a t e .  T h is  a g a in  
i n d i c a t e s  t h a t  t h e  m a le i c  m o n o e s te r  i s o m e r i s e s  more r a p i d l y  th a n  f r e e  * 
m a le i c  a c i d .
S o l u t i o n  i s o m e r i s a t i o n
To o b ta in  an in d ic a t io n  o f th e  o v e ra l l  o rd e r  o f th e  is o m e r is a t io n  
r e a c t io n ,  g ly co l m aleate  e q u ilib r iu m  e s t e r i f i e d  mixes were iso m e rised  
in  s o lu t io n  in  d ie th y le n e  g ly c o l d im ethyl e th e r  a t  150°. The r e s u l t s  
o b ta in ed  (as  1s t  o rd e r  k in e t ic s )  f o r  25$ and 50$ s o lu t io n s  a re  compared 
w ith  th e  b u lk  r e a c t io n  in  F ig u re  4 . 3 . 6 . V alues o f k  = 6 .7  x 10*”^ 
and 2 .7  x 10 were o b ta in ed  f o r  th e  5®° and th e  25$ s o lu t io n
r e s p e c t iv e ly .  As can be seen , d i lu t io n  reduced th e  f i r s t  o rd e r  r a t e  
c o n s ta n t (k ^ ) . F u r th e r  experim ents c a r r ie d  ou t a t  3$, 6$ and 12$
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in d ic a te d  an approxim ate 1s t  o rd e r  dependence o f k^ on th e  c o n c e n tra tio n , 
th e  v a lu e  of "being determ ined  from th e  tim e to  re ach  ^Ofo iso m e risa ­
t io n .  F ig u re  4 .3 * 7 . shows a p lo t  of lo g  k^ a g a in s t lo g  c o n c e n tra tio n  
and has a s lope  o f 1 .1 .  Thus, i t  would appear th a t  th e  o v e ra l l  o rd e r  
of th e  is o m e r is a tio n  r e a c t io n  i s  a t  l e a s t  2 . I t  i s  f i r s t  o rd e r  w ith  
re s p e c t  to  m aleate  and f i r s t  o rd e r  w ith  re s p e c t  to  some o th e r  concen­
t r a t i o n  (p o s s ib ly  o f ac id  g roups) th a t  rem ains c o n s ta n t a t  a c o n s ta n t 
degree o f  e s t e r i f i c a t i o n ,  so th a t  th e  r e a c t io n  appears  to  be a 
pseudoun im olecu lar p ro c e ss . A r e a c t io n  in  which g ly c o l m aleate t h a t  
had n o t been tak en  to  an e s t e r i f i c a t i o n  e q u ilib r iu m , was iso m erised  
as a $0% s o lu t io n  i s  shown in  F ig u re  4 . 3 . 8 . Again th e  e f fe c t ' o f  
d i lu t io n  i s  to  reduce th e  i n i t i a l  and s te a d y  r a te s  o f is o m e r is a t io n  
(v a lu e s  o f k ) . D ilu tio n , however, has a g r e a te r  e f f e c t  on th e  
e s t e r i f i c a t i o n  than  i t  does on is o m e r is a t io n , so th a t  th e  h igh  i n i t i a l  
r a t e  o f s o lu t io n  iso m e r is a tio n  i s  m ain ta ined  f o r  lo n g e r  because o f  th e  
lo n g e r tim e tak en  to  reach  e s t e r i f i c a t i o n  e q u ilib r iu m .
Acid c a ta ly s is
The e f f e c t  of lfc p - to lu e n e su lp h o n ic  a c id  monohydrate on th e  
r a t e  o f iso m e r is a tio n  of g ly c o l m aleate a t  150° (R91) i s  shown in  
F ig u re  4.3*9* The c a ta ly s t  c l e a r ly  in c re a se d  th e  r a t e  o f is o m e r is a t io n  
(by a f a c to r  o f about 3 ) (k^ = 59 x. 10~^s b u t th e  e f f e c t  o f th e  
c a ta ly s t  was much l e s s  than  i t  was on th e  r a t e  of e s t e r i f i c a t i o n .
T his was why th e  i n i t i a l  r a t e  o f iso m e r is a tio n  was e f f e c t iv e ly  
reduced by th e  a d d it io n  of th e  c a t a l y s t .  The upward sweep o f th e  
c a ta ly s e d  curve was p robab ly  due to  th e  d ec rease  in  th e  p e rc en ta g e  
e s t e r i f i c a t i o n  caused by a secondary r e a c t io n  (see  S e c tio n  4 * 2 .) .
F ig u re  4 .3 .1G . shows th e  e f f e c t  o f  a range o f c a ta ly s t  c o n c e n tra t io n s  
(R131) on th e  i n i t i a l  r a te  of iso m e r is a tio n  of g ly co l m alea te  
e s t e r i f i c a t i o n  e q u ilib r iu m  mix, and F igu re  4 . 3 .1 1 . shows c l e a r ly
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th e  1 s t  o rd e r dependence o f k^ on th e  c a ta ly s t  c o n c e n tra tio n , and 
the  r e l a t i v e ly  h igh  r a te  o f th e  u n ca ta ly sed  r e a c t io n .
The a c t iv a t io n  energy f o r  th e  r e a c t io n  in  th e  p re sen ce  o f 3$ o f 
c a t a ly s t ,  c a lc u la te d  from th e  r a t e s  a t  130° and 150° ,  was 102 k j/m o l 
and was id e n t ic a l  w ith  th a t  o f th e  u n c a ta ly sed  r e a c t io n .  T his would 
in d ic a te  a s im i la r  mechanism f o r  th e  u n c a ta ly se d  and c a ta ly s e d  r e a c t io n s ,  
th e  e f f e c t  o f th e  c a ta ly s t  b e in g  sim ply to  in c re a se  th e  c o n c e n tra tio n  
of hydrogen io n s .
Excess g ly co l
The e f f e c t  o f  excess g ly c o l ' on th e  r a t e  of is o m e r is a tio n  o f  m ixes 
th a t  were b e in g  e s t e r i f i e d  to  e q u ilib r iu m  i s  shown, in  F ig u re  4-3»12, 
f o r  bo th  th e  g ly c o l m aleate and th e  g ly c o l/m a le ic  a c id  r e a c t io n s .  In  
bo th  case s  th e  e f f e c t  of th e  ex cess  g ly co l was to  reduce  th e  s te a d y  
v a lu es  o f k^ by about 2 /3  w h ile  th e  amount o f  u n e s te r i f i e d  a c id  was 
reduced by about on ly  1/3* T h is  again  shows th e  h igh  o rd e r  o f  depen­
dence o f th e  r a t e  on th e  degree o f e s t e r i f i c a t i o n .  The. i n i t i a l  r a t e s  
of iso m e r is a tio n  were reduced by about -J-, p o s s ib ly  due to  th e  d i l u t i n g  
e f f e c t  o f th e  excess g ly c o l.
G lycol b is (m a le a te )
The use o f  e x ce ss  m aleic  anhydride in  th e g ly c o l/a n h y d r id e  r e a c t io n  
produces the compound g ly c o l  b is(h yd rogen  m a lea te ). The r a te  o f  isom e­
r i s a t io n  o f t h i s  compound a t 150°  (R143) i s  shown in  F igu re 4 . 3 . I 3 .
T his iso m e r isa tio n  was com plicated by th e d isp r o p o r tio n a tio n  o f  th e  
g ly c o l d ie s t e r  in to  g ly c o l  mono(hydrogen m aleate) and m a le ic  anh ydride, 
by the form ation o f  la r g e  amounts o f m aleic  ac id  (by t r a n s e s t e r i f i c a t io n  
or by h yd ration  o f the m aleic an h yd rid e), and by p o ly e s t e r i f i c a t io n  
o f th e  g ly c o l m a lea te . The f in a l  product from t h is  r e a c t io n  was a 
m ixture o f  furaaric a c id  and p o ly (e th y le n e  fu m arate). The i n i t i a l  r a te  
o f iso m e r isa tio n  in  t h i s  ca se  was s im ila r  to  th a t o b ta in ed  w ith  g ly c o l
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m aleate  a lthough  th e  stead y  v a lu e  of k^ was g re a te r  as would he expected  
hy th e  h ig h e r  c o n c e n tra tio n v;.of a c id .  The iso m e r is a tio n  o f a m ix tu re  
of th e  h is(h y d ro g en  m aleate) and g ly co l i s  a lso  shown on th e  same 
g raph . This m ix tu re  had the  same em p irica l com position as th e  g ly c o l 
monomaleate (which a lso  c o n ta in s  th e  g ly c o l mono(hydrogen m a le a te ))  
and gave th e  same s tea d y  v a lu e  o f k^ a f t e r  e s t e r i f i c a t i o n  e q u ilib r iu m  
had been ach ieved , h u t gave a low er (about -g) i n i t i a l  r a t e  of isom er­
i s a t i o n .  This would aga in  in d ic a te  th a t  th e  compound g ly c o l mono(hyd­
rogen m alea te) p la y s  an im p o rtan t p a r t  in  th e  i n i t i a l  h ig h  r a t e  o f 
is o m e r is a t io n .
Polymer iso m e r is a tio n s
G reat d i f f i c u l t y  was ex p erienced  in  p re p a rin g  g ly c o l m aleate 
p o ly e s te r s  f o r  iso m e r is a tio n  s tu d ie s .  Below 100° th e  e s t e r i f i c a t i o n  
i s  slow , and above 100° c o n s id e ra b le  iso m e r is a tio n  o c c u rs . C a ta ly s ts  
th a t  in c re a se  th e  r a t e  of e s t e r i f i c a t i o n  a ls o  e f f e c t  th e  is o m e r is a t io n .
A p a r t i a l l y  condensed p roduct was mad.e from g ly co l m alea te  a f t e r  18 
hours a t  110° . (R 8 l) . Low m o lecu lar w eight polym ers were made from 
g ly c o l m aleate  by hea ting  fo r  *175 hours (R117A) and 420 hours (R1;l7B) 
a t  i00° a f te r  th e  ad d itio n  o f sm all amounts o f benzene, and by h e a tin g  
’ a t  5^° f o r  I 85 days (R92 ) and 600 day’s (R135) in  th e  p re sen ce  o f  
phosphorus p e n to x id e . The iso m e r is a tio n  o f th e se  r e s in s  i s  shown in  
F ig u re  4 .3 .1 4  as p lo t s  f o r  1 s t  o rd e r  k i n e t i c s .  In  a l l  c a se s  th e  
k in e t ic s  were 1 s t  o rd e r  w ith  re s p e c t  to  m a lea te , and p e rc e n ta g e s  o f 
iso m e r isa tio n  g r e a te r  than  95$ were o b ta in ed  prov ided  long  enough 
r e a c t io n  tim es were u sed . The f i r s t  o rd e r  r a t e  c o n s ta n t k^ d ec reased  
w ith  th e  d ecrease  in  th e  ac id  c o n te n t (and th e  a lco h o l c o n te n t ) .  T h is  
d ec rease  was ra p id  a t  f i r s t  (a  drop from 63$ . t o ' 38$ o f u n e s te r i f i e d  
ac id  reduced k^ by a f a c to r  o f 3 ) and th en  approx im ate ly  f i r s t  o rd e r  
w ith  amount of f re e  a c id . I t  was however d i f f i c u l t  to  o b ta in  an e x a c t
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The ra te  of iso m erisa tio n  of the  r e s in  con ta in ing  J>8fo u n reac ted  ac id  
was s im ila r  to  th a t  of the  g ly c o l m aleate /excess g ly c o l eq u ilib riu m  
e s te r i f i e d  m ix tu re , which had a s im ila r  p ro p o rtio n  of u n reac ted  a c id . 
This in d ic a te d  th a t  i t  was the  ex ten t of e s t e r i f  ic a t io n  of the  a c id , 
and no t th a t  of th e  g ly c o l,  th a t  was the im portant f a c to r .
F igure 4«3*15 shows th e  iso m erisa tio n  of two polymers in  th e  
presence of 1^ o p -to luenesu lphon ic  ac id  monohydrate. -Again, ap p aren tly  
i s t  o rder k in e t ic s  were o b ta ined . The added c a ta ly s t  had a g re a te r  
e f f e c t  on the  iso m erisa tio n  of th e  polymers than  i t  d id  on th e  
equ ilib riu m  m ix tu res . This was probably  due to  the  lower co n cen tra tio n  
of -COgH groups in  th e  polym ers, and was a lso  probably  a f fe c te d  by th e  
presence of la rg e  amounts of f re e  w ater in  th e  eq u ilib riu m  m ix tu res . 
Thus, of c a ta ly s t  in c reased  the  value of by a  f a c to r  o f 3 fo r  the  
g ly c o l m aleate eq u ilib riu m  m ix tu re , b u t by a fa c to r  o f 10 f o r  a  
polymer where n = 10. Even w ith  th ese  c a ta ly se d  polymer iso m erisa tio n s  
th e  va lues of k  ^ s t i l l  decreased approxim ately l in e a r ly  w ith  th e  
amount of u n reac ted  a c id . This would suggest th a t  i t  was th e  m aleate 
end group on th e  polymer th a t  was isom erising  in  these  c a se s .
T ran seste r i f  ic a t io n  of the  m ixtures would ensure th a t  a l l  m aleate 
groups had the opportu n ity  to  iso m erise . In  the polym ers, th e  
co n cen tra tio n s  of o ther sp ec ies  th a t  could iso m erise , such as f re e  
m aleic ac id  and g ly c o l mono (hydrogen m aleate) , would be v e ry  low and 
would not g re a t ly  a f fe c t  th e  r a te  of iso m e risa tio n .
In c id e n ta lly , i t  i s  e a s ie r  to  prepare p o ly e s te rs  w ith  a low degree 
of iso m erisa tio n  by using the  c a ta ly s t  s in c e , as p re v io u s ly  in d ic a te d , 
i t  has a g re a te r  e f f e c t  on the r a te  of e s t e r i f  ic a t io n  than  i t  does on 
th e  r a te  of iso m erisa tio n .
The a c tiv a tio n  energy of four of th e  polymer iso m erisa tio n s  was 
in  the  range 97"110 k j/m o l, in d ic a tin g  a mechanism s im ila r  to  th a t  of 
th e  iso m erisa tio n  of the lower m olecular weight m a te r ia ls .
Propylene g ly co l
The iso m erisa tio n  of propylene g ly c o l p o ly e s te rs  i s  of p a r t ic u la r  
commercial importance -as propylene g ly c o l i s  th e  most commonly used g ly c o l 
and i t  g iv es  r e s in s  w ith  a h igh  degree o f iso m e risa tio n . The 
iso m erisa tio n  of a  propylene g ly c o l m aleate which i s  being e s t e r i f i e d  
t o  eq u ilib riu m  (R 120) i s  shown in  F igu re  4*3 Also shown on th e
same graph i s  th e  iso m erisa tio n  of the  same m a te r ia l a f te r  having 
been brought to  e s t e r i f  ic a t io n  eq u ilib riu m  a t  50° (R 112). The 
graphs are  fo r  1 s t  order k in e t ic s  and are  v ery  s im ila r  to  those 
obtained  fo r  e thy lene g ly c o l m aleate . The im portant d iffe re n c e  was 
th e  very  high i n i t i a l  r a t e  of iso m erisa tio n  which wras removed by p r io r  
e s te r  i f  ic a t io n  a t  50° • Even a t  50° t h i s  i n i t i a l  iso m erisa tio n  occurred  
slow ly, so th a t  by th e  time e s t e r i f  ic a t io n  eq u ilib riu m  was reached , 
th e  m a te r ia l was a lread y  15% isom erised . The slower r a t e  of 
e s t e r i f  ic a tio n  of propylene g ly c o l compared w ith  ethy lene g ly c o l 
a lso  a f fe c ts  th e  comparison. At 130°, by the  tim e the  propylene g ly c o l 
m aleate reached e s te r i f i c a t io n  eq u ilib riu m  i t  was a lread y  90/°
'isom erised . With the  propylene g ly c o l m aleate , th e  i n i t i a l  v e ry  f a s t  
iso m erisa tio n  had a value of k  ^ (800 x 10 ^s"^ ) which was 20 tim es 
g re a te r  than  th e  value a f te r  equ ilib riu m  e s te r i f i c a t io n  had been 
e s ta b lis h e d  ( e i th e r  a t  150° or 50° )  and 10 tim es g re a te r  than  the  
i n i t i a l  value in  th e  case o f  e thy lene g ly c o l.  Once e s te r i f i c a t io n  
had been achieved the  propylene g ly c o l m aleate isom erised  on ly  tw ice 
as f a s t  as the ethylene g ly c o l eq u ilib riu m  mix.
These r e s u l t s  again  in d ic a te d  th a t  th e re  was some sp ec ies  p re sen t 
in  the  g ly co l m aleate, th a t  isom erised  v ery  r a p id ly ,  Y/hereas e thy lene 
g ly c o l contained  two sp ec ies  th a t  can iso m erise , propylene g ly c o l
FIGURE 4« 3« 15*
R 91
R 116
c a ta ly s e d  is o m e r is a tio n  o f polym ers
TIME IN HOURS
+
FIGURE 4*3* 16.
p ropy lene g ly c o l
m aleate  150°
R 1 206 —
propy lene g ly c o l 
m aleate  I 5O0 a f t e r  
e s t e r i f i c a t i o n  50° 
R 112
4 -
TIME IN HOURS.
inaleate con tained  th re e :  two isom eric g ly co l monomaleates (A and B) 
and one g ly c o l b is(m aleate)(C )
ho-ch2-ch(ch^) -0-C0-CH=CH-C0-0H A
H0-C0-CH=CH-C0-0-CH2-CH(C5H )-0H B
HO-CO "CH=OH*-GO -0-GrIo -OH ( CH ) -0 -CO -CH=CH-C0 -OH C
The evidence from th e  n .m .r  sp e c tra  in d ic a te d  th a t  th e  h igh  
i n i t i a l  r a te  of iso m erisa tio n  was no t s o le ly  due to  one of these, 
compounds as the  fum arate formed a t the  s t a r t  of the iso m e risa tio n  
Y/as lin k ed  both  to  prim ary and to  secondary a lcoho l g roups, th e  
in d ic a tio n  being th a t  b o th  A and B (and p o ss ib ly  c )  were 
iso m eris in g .
Although th e  co n cen tra tio n s  of th ese  sp ec ies  would be d r a s t i c a l l y
reduced by the 37/° e s te r i f i c a t io n  th a t  occurred  i t  i s  s t i l l  d i f f i c u l t
to  e x p la in  the  tremendous decrease in  the  value  o f k, • The p o ss ib le1
answer i s  th a t  the  a c tiv e  species v/ere removed bo th  by e s te r i f i c a t io n  
and by iso m erisa tio n , and were no t reg en e ra te d  by t r a n e s te r  i f  i c a t io n  
as ra p id ly  as they  could have isom erised  (as  was assumed fo r  th e  
e thy lene m a lea te ) . Thus th e  assum ption made in  the sim ple k in e t ic  
trea tm en t th a t  a l l  th e  m aleate groups are  e q u iv a le n t, i s  n o t r e a l l y  
v a l id  in  t h i s  case .
H exan-1 ,6-d io l
The iso m erisa tio n  o f the g ly c o l m aleate of h ex an -1 ,6 -d io l a t  
130° ,  (R 139) a t  430° a f te r  having reached an e s te r i f i c a t io n  
eq u ilib riu m  a t  30° (R140), i s  shown in  F igure  4*3*17* This g ly c o l 
v/as chosen because i t  was known to  be one th a t  g ives a  low degree o f 
iso m erisa tio n  during p o ly e s te r  i f  i c a t io n .  Again 1 s t  o rder k in e t ic s  
were in d ic a te d  and percentage iso m erisa tio n s  of g re a te r  than  95/° were 
ob tained  a f te r  irery long re a c t io n  tim e s . The i n i t i a l  h igh  r a t e  o f 
re a c t io n  a t  130°> in  t h i s  case , was only  2.3 tim es f a s t e r  th an  th e
r a te  a f t e r  e s te r i f i c a t io n  eq u ilib riu m  had been reached . This would 
in d ic a te  a 1 s t  order dependence on th e  amount of u n e s te r i f ie d  -CO^H 
which was reduced from 1 00% to  42/S by e s te r i f i c a t io n  to  eq u ilib riu m .
The value of (7*2 x 10 ^s""^) fo r  the s teady  r a t e  was 40/° of th a t  
of th e  e thy lene g ly co l m aleate . T his d iffe re n c e  can be la rg e ly  
exp la ined  by the  h igher degree of e s te r i f i c a t io n  a t  eq u ilib riu m  
(56/° compared w ith  31'°) in  th e  case of th e  hexan-1, 6 -d io l  m ixes.
The a c t iv a t io n  en e r g y  f o r  t h i s  g l y c o l  Y/as i d e n t i c a l  w ith  t h a t  
o b ta in e d  f o r  e th y le n e  g l y c o l  ( l  02 k j /m o l ) .
But an -2 ,3~diol
This g ly c o l, although no t of commercial i n t e r e s t ,  v/as examined as 
an example of a d i-secondary  g ly c o l f o r  comparison w ith  propylene 
g ly c o l.  The main d i f f i c u l ty  in  measuring the  k in e t ic s  of iso m erisa tio n  
in  t h i s  cane was th a t  the  iso m erisa tio n  Y/as so ra p id  th a t  by th e  time 
the  a d d itio n  re a c tio n  between b u ta n -2 ,3 -d io l and m aleic anhydride 
was 70% complete (4  hours a t  80°), th e  product was a lread y  50% 
isom erised . Thus i t  was no t even p o ss ib le  to  p repare  th e  pore g ly c o l 
m aleate fo r  iso m erisa tio n  s tu d ie s .  Reducing th e  tem perature had a 
g re a te r  e f fe c t  on the  iso m erisa tio n  than  i t  d id  on the  a d d itio n  
e s te r i f i c a t io n ,  bu t even re a c tio n  a t  30° produced co n sid e rab le  
iso m erisa tio n  befo re  th e  ad d itio n  e s te r i f i c a t io n  was com plete. The 
iso m erisa tio n  during the  re a c tio n s  a t  30° i s  shewn in  F igure  4-3 *18 
as 1 s t  order k in e t ic s .
This g ly co l/m ale ic  anhydride re a c t io n  gave a v ery  h igh  r a t e  o f
iso m erisa tio n  even a t  30° (k^ = 1 .3  x 10 ^  which corresponds to
k  ^ = 13,000 x 10 s a t  1.30 ( i f  an a c t iv a t io n  energy of 102 k j/m o l
i s  assumed) which i s  20 tim es f a s t e r  than  th e  high i n i t i a l  r a t e  in
th e  case of propylene g ly co l)  • Once 50% iso m erisa tio n  h a s  been achieved
-6  -1a much slower r a te  i s  obtained  (eq u iv a len t to  k  ^ = 200 x 10 s a t  
150°) • As in d ica ted  p rev io u sly , 50%> of the m aleate groups in  a  g ly c o l
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m aleate are  p a r ts  of g ly co l mono(hydrogen m aleate) m olecules and the  
o th er 50ft are  p a r ts  of g ly c o l b is(hydrogen m aleate) m olecules.
7/hen excess anhydride was used the  f i n a l  product should have been 
e n t i r e ly  g ly c o l b is  (hydrogen m a lea te ) . In  th i s  ca se , although th e re  
was an i n i t i a l  very  high r a t e  of iso m erisa tio n , i t  produced on ly  $0fo 
iso m erisa tio n  befo re  the slower r a t e  was ob ta ined . T his again  in d ic a te d  
th a t  i t  was th e  g ly c o l mono (hydrogen m a le a te ) , which was an i n t e r ­
m ediate in  the  e s te r i f i c a t io n  re a c t io n , th a t  was re sp o n s ib le  f o r  the  
h igh  i n i t i a l  r a t e  of iso m e risa tio n . The re a c t io n  of m aleic anhydride 
w ith  excess g ly c o l gave a  lower i n i t i a l  r a t e  of iso m erisa tio n  which 
decreased ra p id ly  as the  monomaleate was e s te r i f i e d .
The ra te s  of iso m erisa tio n  of the e thy lene g ly c o l,  the propylene 
g ly c o l and the b u ta n -2 ,3- d io l  m aleate a t  150° are  shown in  F ig u re  
4*3*19* This shows c le a r ly  the la rg e  e f f e c t  of g ly c o l s tru c tu re  on 
th e  . i n i t i a l  h igh  r a te  of iso m erisa tio n  and the  sm all e f f e c t  on the 
f i n a l  r a te  of iso m erisa tio n .
M aleates of m onofunctional a lcoho ls
The r e s u l ts  obtained  by isom erising  an eq u ilib riu m  e s t e r i f  ied
m ixture prepared  from m aleic anhydride and 2 moles of methanol (R 105)
are  shown in  F igure 4*3*17 (Rage. 207) f o r  comparison w ith  th e
hexan-1 -6 -d io l r e a c t io n . The value o f k fo r  th e  m ethanol r e a c t io n
1
was 4 .6  x 10 s , which was about 35/^ slower than  th e  hexan-i , 6 -d io l  
r e a c t io n  a t '.a  s im ila r  percentage .e s t e r i f i c a t io n .
A comparison of the  iso m erisa tio n  o f mono(2-methoxyethyl) 
m aleate (R 163) w ith  th a t  of e thy lene g ly c o l b is(hydrogen  m aleate) i s  
shown in  F igure 4*3*20. This exam ination was c a r r ie d  out to  see 
what e f fe c t  blocking one end of the  g ly c o l molecule had . As can be 
seen the  e f fe c t  was to  reduce co n sid e rab ly  th e  i n i t i a l  r a te  of 
iso m e risa tio n .
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ino oxner gxycoj-s were examined m  any a e u a ii ,  uuu some 
observations on the hea ting  of b u ty l  hydrogen m aleates a t  50° are 
of i n t e r e s t .  F i r s t ,  th e  iso m erisa tio n  of g ly c o l m aleates can be 
d e tec ted  a t  50° and ranges from 0 . 05}</day fo r  the d i-p rim ary  ethy lene 
g ly c o l to  15/^day  fo r  th e  d i-secondary  b u tan -2 ,3 “3Aol. TThen the 
monomaleates of prim ary, secondary or t e r t i a r y  b u tan o ls  were hea ted  
a t  50° ,  no d e tec tab le  amount of iso m erisa tio n  occurred ( le s s  than
O.Oi/y'day), even though la rg e  amounts of m aleic ac id  were formed 
by d isp ro p o rtio n a tio n . This in d ic a te s  th a t  th e  f a s t  i n i t i a l  
iso m erisa tio n  depends on th e  use of a  g ly c o l,  i s  no t a s so c ia te d  
w ith  the  fo rm ation  of m aleic a c id , and does n o t p r im a rily  depend on 
whether th e  a lco h o l used i s  prim ary, secondary or t e r t i a r y .
Iso m erisa tio n  mechanism
I s o m e r is a t io n  during  a  p o ly c o n d e n s a tio n  p r o c e ss  i s  o b v io u s ly  
c o m p lic a te d , much more so  th a n  th e  is o m e r is a t io n  o f  m a le ic  a c id  or  
s im p le  m a le a te  e s t e r s .  A s tu d y  o f  th e  l i t e r a t u r e  on th e  i s o m e r is a t io n  
o f  m a le ic  a c id  and m a lea te  e s t e r s ,  w h ich  w as rev iev /ed  i n  th e  
in tr o d u c tio n ^  shows th a t  no one m echanism  f o r  th e  i s o m e r is a t io n  h a s  
b e e n  c l e a r l y  e s t a b l i s h e d ,  th a t  c o n f l i c t i n g  r e s u l t s  have b een  p u b lis h e d  
b y  v a r io u s  w o rk ers, and in  many c a s e s  more th a n  one m echanism  i s
36
s a id  t o  be o p e r a tin g  •
From the  p resen t wrork th re e  sim ple p o in ts  a r is e  th a t  have n o t 
p rev io u sly  been quoted fo r  the  iso m erisa tio n  of p o ly e s te r s .  These 
a re : the  high a c t iv a t io n  energy (compared w ith  e s t e r i f  i c a t io n ) , th e  
1s t  order dependence of the  r a te  on th e  m aleate co n c e n tra tio n , and 
the h igh  conversions to  fum arate ob tained  in  a l l  c a se s .
The high a c t iv a t io n  energy of about I00k j/m ol, which was 
ob tained  fo r  th e  iso m erisa tio n  v ario u s  degrees of condensation , 
w ith  d if f e re n t  g ly c o ls , and w ith  and w ithou t th e  ad d itio n  o f a c id  
c a ta ly s t ,  i s  th e  f i r s t  p o in te r  to  mechanism, and could  be taken  to
in d ic a te  a c o n s is te n t mechanism under the v a rio u s  c o n d itio n s . A
58v a lu e  about lOOkJ/mol was quoted by Eyring , Magee and Shand fo r
iso m erisa tio n s  involving t r a n s i t io n  to  a t r i p l e t  (b ir a d ic a l)  c o n d itio n .
A s im ila r  a c tiv a tio n  energy (llO kJ) was obtained  by Buchachenko, Rub an,
59and Rozantsev fo r  the  iso m erisa tio n  of dim ethyl m aleate c a ta ly se d  by
s ta b le  f re e  r a d ic a ls .  A f re e  r a d ic a l  mechanism seems u n lik e ly  in
th e  p resen t case , p a r t ic u la r ly  s ince  the  ad d itio n  o f added ac id  c a ta ly s t
does no t a l t e r  the  a c tiv a tio n  energy bu t does in crease  th e  r a t e  of r e a c t io n .
F u rth e r evidence i s  g iven  by th e  f a c t  th a t  the  a d d itio n  o f hydroquinol .
(R 88) (a  known f re e  r a d ic a l  in h ib i to r )  d id  n o t a f fe c t  the  r a t e  of
iso m erisa tio n  and th a t  no f re e  r a d ic a ls  were d e tec ted  by e . s . r  a t
tem peratures up to  250°.
S im ilar a c tiv a tio n  en erg ies  (about 1OOkj) were ob ta ined  by
39K ist iakov/sky and N elles  fo r  th e  vapour phase iso m erisa tio n  o f
36dim ethyl m aleate , and by Davies and Evans fo r  the  l iq u id  phase and
60so lu tio n  iso m erisa tio n  of the  same e s te r .  However, Fahey and Schneider 
have shown-the iso m erisa tio n  of dim ethyl m aleate c a ta ly se d  by ac id  
(H O I) has a much lower a c t iv a t io n  e n e rg y .(5 5 k j). Low a c t iv a t io n
energ ies  have been quoted f o r  th e  iso m erisa tio n  of m aleic a c id
35 36 \(Hojendahl , 66kJ; and Davies and Evans , 6/jkj). and have been
explained  in  terms of c a ta ly s is  of th e  iso m erisa tio n  by a  second
38molecule of m aleic a c id , b u t h igher v a lu es  (Nozaki and Ogg , 1OifkJ;
Davies and B v a n s^ , 77kj) have been quoted fo r  the c a ta ly se d  
iso m erisa tio n  of m aleic ac id  in  the  presence of strong a c id s .
The f i r s t  order dependence o f the  r a te  of iso m erisa tio n  on 
m aleate co n cen tra tio n  i s  c o n s is te n t w ith  the  ca ta ly sed  and u n ca ta ly sed
7 / 7Q
iso m erisa tio n  of m aleate e s te r s  1 y , bu t d i f f e r s  from th e  c a ta ly se d  
and u n cata lysed  iso m erisa tio n  of m aleic a c id  which most au tho rs
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consider to  be second order w ith  re sp e c t to  m aleic ac id  9 •
The high  conversion (>  98%) to  fum arate i s  a lso  more c o n s is te n t 
w ith  th e  iso m erisa tio n  of m aleate e s te r s  than  w ith  th e  iso m erisa tio n  o f 
m aleic ac id  where d if fe r in g  r e s u l t s  ranging from 50% to  8O/0 have been 
quoted fo r  s im ila r  tem peratu res.
Iso m erisa tio n  mechanism -  high i n i t i a l  r a te
Of sp e c ia l in te r e s t  in  th e  p resen t work i s  the  v ery  h igh  i n t i t i a l  
r a t e  of iso m erisa tio n . As can be seen from th e  v a lu es g iven  below, 
which g ive th e  high i n i t i a l  r a t e  o f iso m erisa tio n  of v ario u s  g ly c o l 
m aleate monoesters r e la t iv e  to  those of e thy lene g ly c o l,  th i s  i n i t i a l  
r a t e  i s  v e ry  dependent on th e  s tru c tu re  of th e  g ly c o l u sed . Accurate 
v a lu es  of k cannot be quoted in  th ese  cases as the  r e a c ta n ts  a re  a lso  
being e s te r  i f  ied  a t  the  same tim e so th a t  the  v a lu es  have to  be 
ob tained  from tv/o or th re e  observa tions taken  during th e  e a r ly  p a r t  
o f th e  re a c t io n s .
TABES 4 .3 .2  
R e la tiv e  i n i t i a l  re a c tio n  r a te s
M aleates from b u ta n -2 ,3- d io l  200 R 167
propylene g ly c o l 10 R 120
ethy lene g ly c o l 1 R 67
hexan-1,6 - d io l  0 .3  R 139
The i n i t i a l  r a te  of th e  hexan-1,6 - d io l  m aleate iso m e risa tio n  may be
regarded  a s  quite  normal and c o n s is te n t w ith  th a t  of e s t e r i f  ie d
g ly c o l m aleates and a lk y l hydrogen m alea tes . The o th e r g ly c o ls  have
a d e f in i te  h igh  r a te  of iso m e risa tio n . These h igh i n i t i a l  r a te s  a re
c h a r a c te r is t ic  of the ex is ten ce  of a mono (hydroxyalkyl) male a te  and
are  h igher when the  -OH group i s  in  the b e ta  p o s it io n  (see  a lso  r e f  23) .
Thus a  group which i s  f iv e  atoms from th e  double bond would appear to
be a f fe c tin g  the r a te  of iso m e risa tio n . The mechanism suggested  fo r
38the  ac id  ca ta ly sed  iso m erisa tio n  of m aleic ac id  by Nozaki and Ogg 
i s  shown below, and involves th e  fo rm ation  of an in te rm ed ia te  by the
ad d itio n  of a pro ton  to  the carbonyl oxygen, the a d d itio n  of an 
anion to  th e  -CH= group, and a s h i f t  of the  double bond thus leav ing  
v/hat was the  CH=CH bond f re e  to  r o ta te .
MECHANISM f
0 CM H+ 0 OH
I! . / S  // « /HO—C—CH= CH — C  >  HO-C-CH-CH-=C
V I \
X OH X OH
Although shown as a term olecu lar re a c t io n  i t  i s  suggested  th a t  ad d itio n
of th e  p ro ton  precedes the re a c tio n  w ith  the an ion . Other v/orker s  have
accepted th i s  b a s ic  mechanism and i t  has been used r e c e n tly  to  ex p la in
60the a c id  ca ta ly se d  i s  oner i s  a t  ion of m aleate e s te r s  •
In  the p re sen t case i t  i s  suggested th a t  the j3-OH group on the 
g ly c o l mono(hydrogen m aleate) a c ts  as a base by an in tram o lecu la r 
"scorp ion  e f f e c t" .  This i s  shown belcw :
MECHANISM 2
0 0 
H + II
C 0 A H+ C OH
/  \  /W i  / / - *  /  \  /
0 CH =  CH-C ------>  0 CH-:CH=C
1 t  \  I ,1 \
CH„ OH OK CH„ OH OH
i  /  ■ i  '
CH2 - CH2
Figure 4*3*21 • shows photographs o f m olecular models o f t h i s  process*
45A s im ila r  scorpion e f fe c t  has been used by O rdelt and Kratky to  
ex p la in  the  form ation of c y c lic  m alic e s te r s .  For th e  iso m e risa tio n , 
i t  i s  thought th a t  a tta c k  by th e  -OH group could preceed  the  
p ro to n a tio n  and th a t  th e re  i s  even the  p o s s ib i l i ty  o f an u n ca ta ly sed  
mechanism.
Figure 4 .3*21 .
a) g ly c o l  mono (hydrogen m aleate) 
a t ta c k  o f -OH on -CH=
b) in te rm e d ia te
te rn a ry  oxygen atom in  b lue
c) g ly c o l mono (hydrogen fum arate)
The e f f e c t  o f  g l y c o l  s t r u c t u r e  on  t h e  above m echan ism  i s  i m p o r ta n t .  
The r a t e  o f  t h e  r e a c t i o n  w o u ld  d epend  on  t h e  b a s i c  s t r e n g t h  o f  th e  
-OH g r o u p .  S u b s t i t u t i o n  o f  a  m e th y l g ro u p  on  th e  c a rb o n  a tom  
( a s  i n  p ro p y le n e  g l y c o l )  w ou ld  i n c r e a s e  t h e  b a s i c  s t r e n g t h  an d  t h e  
r a t e  o f  i s o m e r i s a t i o n .  S t e r i c  e f f e c t s  i n  te rm s  o f  e a s e  o f  a t t a c k  
o f  t h e  -OH g ro u p  a r e  im p o r ta n t .  H ere  i t  m ig h t b e  e x p e c te d  t h a t  t h e  
m e th y l  g ro u p  w ou ld  h av e  a  r e t a r d i n g  e f f e c t .  The o b s e r v a t io n  f ro m  
n .m .r  s p e c t r a ,  t h a t  b o th  t h e  com pounds -sP -M - a n d  -P s-M - a r e  
r e s p o n s i b l e  f o r  th e  h ig h  i n i t i a l  r a t e ,  i s  o f  im p o r ta n c e .  T h is  
w ou ld  seem  t o  i n d i c a t e  t h a t  t h e  p o s i t i o n  o f  t h e  m e th y l  g ro u p  i s  n o t  
v e r y  im p o r ta n t  • The v e r y  h ig h  i n i t i a l  r a t e  o b ta in e d  v/hen th e  g l y c o l  
h a s  m e th y l  g ro u p s  on  b o th  t h e  a lp h a  a n d  b e t a  c a rb o n  a tom s (y/hen 
b u t a n - 2 , 3“d i o l  i s  u s e d )  c a n n o t  b e  e n t i r e l y  e x p la in e d  i n  te rm s  o f  b a s i c  
s t r e n g t h .  T h e se  l a s t  tw o f a c t o r s  w o u ld  s u g g e s t  t h a t  t h e  r a t e  o f  
a t t a c k  w o u ld  dep en d  c r i t i c a l l y  on a l l  t h e  b ond  a n g le s  o f  t h e  r i n g  
an d  t h a t  s u b s t i t u t i o n  o f  a  m e th y l g ro u p  on  e i t h e r  c a rb o n  atom  
r e d u c e s  t h e  b o n d  a n g le  an d  m akes a t t a c k  m ore l i k e l y .  I n c r e a s i n g  
th e  l e n g t h  o f  t h e  g l y c o l  ( a s  when h e x a n -1 , 6 d i d  i s  u s e d )  e l i m i n a t e s  
t h e  i n i t i a l  h ig h  f a t e  o f  r e a c t i o n .  T h e se  o b s e r v a t io n s  a r e  i n  a c c o r d  
w i th  t h e  o b s e rv e d  e f f e c t  o f  g l y c o l s  on t h e  am ount o f  i s o m e r i s a t i o n  
fo u n d  i n  m a le a te  p o l y e s t e r s .
E s t e r i f i c a t i o n  o f  t h e  c a r b o x y l  g ro u p  o f  t h e  g l y c o l  mono (h y d ro g e n  
m a le a te )  w ou ld  n o t  make th e  p ro p o s e d  m echan ism  im p o s s ib le .  
E s t e r i f i c a t i o n  o f  th e  a lc o h o l  g ro u p  w o u ld  re d u c e  th e  s t r e n g t h  o f  t h e  
b a s e  an d  make t h e  p r o c e s s  s t e r i c a l l y  l e s s  l i k e l y  ( b u t  n o t  i m p o s s i b l e ) .  
H ow ever, t h e  r a p i d  d e c re a s e  o f  th e  i n i t i a l  r a t e  w i th  d e g re e  o f  
e s t e r i f i c a t i o n  w ould  s u g g e s t  th e  m echan ism  i s  a s  shown a b o v e . S uch  
a  m echanism  in v o lv in g  s u b s t i t u t e d  m o le c u le s  may - p l a y  a  p a r t  i n  th e
i s o m e r i s a t i o n  o f  p a r t i a l l y  e s t e r i f i e d  g l y c o l  m a le a te s  b u t  i t  c a n  o n ly  
b e  a  s m a l l  p a r t  s in c e  i s o m e r i s a t i o n  o f  t h e  p a r t i a l l y  e s t e r i f i e d  
m a le a te s  i s  n o t  h i g h ly  d e p e n d e n t on  g l y c o l  s t r u c t u r e ,  and  e s t e r s  o f  
m o n o fu n c tio n  a lc o h o ls  g iv e  s i m i l a r  r a t e s  u n d e r  co m p a rab le  c o n d i t i o n s .
I s o m e r i s a t i o n  m echanism  -  p a r t i a l l y  e s t e r i f i e d  p r o d u c ts
A lth o u g h  th e  i s o m e r i s a t i o n  o f  p a r t i a l l y  e s t e r i f i e d  g l y c o l
m a le a te s  i s  1 s t  o r d e r  w i th  r e s p e c t  t o  m a le a t e ,  th e  o v e r a l l  o r d e r
( d e te rm in e d  b y  d i l u t i o n )  i s  2 . 1 . T h is  i s  n o t  c o n s i s t e n t  w i t h  m echan ism  2
/  ■ +w h ic h  s h o u ld  b e  o f  1 *5 o r d e r  (a ssu m in g  t h e  H i s  p ro d u c e d  b y  a  w eak 
a c i d ) .  I f  t h e  m echanism  1 o p e r a t e s  th e n  t h e  r e a c t i o n  c o u ld  b e  o f  a  
2n d  o r d e r  o v e r a l l ,  i f  i t  a s  assum ed  t h a t  b o th  m a le ic  a n d  f u m a r ic  h a l f  
a c id s  f u n c t i o n  a s  w eak a c id  c a t a l y s t s  an d  p r o v id e  b o th  t h e  c a t i o n  (H+) 
a n d  th e  a n io n  (X ) r e q u i r e d ,  and  th e  r e a c t i o n  w ou ld  s t i l l  b e  1 s t  O rd e r  
w i th  r e s p e c t  t o  m a le a t e .  I f  i t  i s  assum ed  t h a t  o n ly  th e  m a le ic  a c i d  
a c t s  a s  a  c a t a l y s t ,  t h e  r e a c t i o n  c o u ld b e  o f  2n d  o r d e r  w i t h  r e s p e c t  t o  
m a le a t e .  T h is  i s  t h e  a s su m p tio n  made t o  e x p la i n  t h e  2n d  carder 
i s o m e r i s a t i o n  o f  m a le ic  a c id  f •
An i n te r m o le c u la r  v e r s i o n  o f  th e  m echan ism  2 , v /here  a n  a l c o h o l  
g ro u p  ( o r  a  w a te r  m o le c u le )  f u n c t io n e d  a s  a  b a s e  w ou ld  h a v e  a  2 .5  
o r d e r  on d i l u t i o n .  A c o m b in a tio n  o f  t h e s e  l a s t  two p o s s i b i l i t i e s  
c o u ld  p ro d u c e  a  2.1 o r d e r  on d i l u t i o n .  A d d i t i o n a l l y  i t  i s  s u g g e s te d  
t h a t  i t  i s  t h e  h y d ro g e n  m a le a te  g ro u p s  t h a t  a r e  p r e f e r e n t i a l l y  
i s o m e r i s in g  i n  p a r t i a l l y  e s t e r i f i e d  p r o d u c t s .  T h is  w o u ld  e x p l a i n  t h e  
d ep en d en ce  o f  r a t e  o f  i s o m e r i s a t i o n  on  d e g re e  o f  e s t e r i f i c a t i o n  
an d  i s  i n d i c a t e d  b y  th e  a p p e a ra n c e  o f  fu m a ra te  f i r s t  a s  h y d ro g e n  
fu m a ra te  a s  d e te rm in e d  b y  n .m . r .  —
The i s o m e r i s a t i o n  o f  t h e  lo r /  m o le c u la r  w e ig h t  g l y c o l  p o ly m a le a te s  
c a n  b e  e x p la in e d  b a s i c a l l y  a s  a b o v e , b u t  t h e  lo w e r  o r d e r  o f  d e p en d en ce  
on d e g re e  o f  c o n d e n s a t io n  an d  t h e  lo v /e r r a t e  o f  i s o m e r i s a t i o n  m ig h t
s u g g e s t , i n .  t h i s  c a s e ,  t h a t  a  c a ta ly s e d  i s o m e r i s a t i o n  o f  m a le a te  d i e s t e r s  
c o u ld  a l s o  p l a y  a  p a r t .
T h u s , when c o n s id e r in g  th e  i s o m e r i s a t i o n  t h a t  o c c u rs  d u r in g  
p o l y e s t e r i f i c a t i o n ,  t h e  v a r i o u s  s p e c i e s  p r e s e n t  s h o u ld  h e  c o n s id e r e d .  
T h is  h a s  n o t  p r e v i o u s ly  b e e n  done and  i t  i s  d i f f i c u l t  t o  do b e c a u s e  
o f  th e  c o m p le x ity  o f  t h e  s y s te m . The p r e s e n t  w ork  w ou ld  i n d i c a t e  
t h e  d e g re e  o f  r e a c t i v i t y  o f  t h e  f o u r  m ain  t y p e s  o f  com pound t o  b e  i n  
t h e  o r d e r ;  g l y c o l  mono (h y d ro g e n  m a le a te )  s  p o t h e r  h y d ro g e n  m a le a te s  
^ m a l e i c  a c i d  ^ - m a le a te  d i e s t e r s ,  t h e  i s o m e r i s a t i o n  o f  th e  g l y c o l  
mono (h y d ro g e n  m a le a te )  b e in g  v e r y  s e n s i t i v e  t o  th e  s t r u c t u r e  o f  t h e  
g l y c o l  u s e d .  The p u b l i s h e d  w ork on t h e  i s o m e r i s a t i o n  d u r in g  t h e  
p r e p a r a t i o n  o f  p o l y e s t e r  r e s i n  i s  c o n s i s t e n t  w i th  t h e  t h e o r i e s  g iv e n  
above  an d  th e  r e s u l t s  o b ta in e d  i n  t h e  p r e s e n t  w o rk , w h ic h  in v o lv e d  
u n u s u a l  (b y  c o m m erc ia l s ta n d a r d s )  r e a c t i o n  c o n d i t i o n s .
I s o m e r i s a t i o n  m echanism  -  l i t e r a t u r e
E x a m in a tio n  o f  t h e  p u b l i s h e d  w ork  show s t h a t  th e  i s o m e r i s a t i o n
t h a t  o c c u rs  d u r in g  p o l y e s t e r  i f  i c a t i o n  i s  n e v e r  c o m p le te .  Maximum
am oun ts o f  c o n v e r s io n  a r e  o b ta in e d  a n d  t h e s e  d epend  on t h e  s t r u c t u r e
o f  t h e  g l y c o l  an d  in c r e a s e  w i th  t e m p e r a tu r e .  T h ese  f a c t s  w e re  e x p la in e d
2L
b y  V a n c so -S z m e rc sa n y i, an d  c o -w o rk e rs  ' i n  te rm s  o f  s t e r i c  s t r a i n  
w i t h i n  t h e  p o lym er m o le c u le  • T h e i r  t h e o r y  w as t h a t  t h e  p o ly m er 
i s o m e r i s e d  t o  r e l i e v e  th e  s t r a i n .  Once s u f f i c i e n t  s t r a i n  w as r e l i e v e d  
i s o m e r i s a t i o n  c e a s e d ,  h e n c e  th e  maximum v a lu e  o b ta in e d .  U se o f  
s t e r i c a l l y  h in d e r e d  g l y c o l ,  o r  a  s h o r t e r  c h a in  g l y c o l ,  o r  a  h i g h e r  
t e m p e r a tu r e ,  in c r e a s e d  t h e  s t r a i n  and  h e n c e  a  h ig h e r  maximum p e r c e n ta g e  
i s o m e r i s a t i o n  was o b ta in e d .  T h is  t h e o r y  seem s r e a s o n a b le  when 
m o le c u la r  m odels  o f  m a le a te  p o l y e s t e r s  a r e  exam ined  ( f u m a ra te  e s t e r s  
c a n  h av e  a  p l a n a r  s t r u c t u r e  w h e r e a s  m a le a te  e s t e r s  c a n n o t ) .
The p r e s e n t  w ork  how ever shows c l e a r l y  t h a t  t h e r e  a r e  no  maximum 
am oun ts o f  i s o m e r i s a t i o n  o t h e r  t h a n  e q u i l ib r i u m  c o n ta in in g  >  S5% 
f u m a r a te ,  w h ic h  c a n  be  a c h ie v e d  w i th  a n y  g l y c o l  an d  a t  a n y  t e m p e r a tu r e  
p r o v id e d  a  lo n g  enough r e a c t i o n  t im e  i s  u s e d .  The a p p a r e n t  maximum 
p e r c e n ta g e  i s o m e r i s a t i o n s  (65/^ ^ o r  e th y l e n e  g l y c o l  a t  180 ° )  a r e  due 
e n t i r e l y  t o  th e  r a p i d  d e c re a s e  i n  r a t e  w i th  d e g re e  o f  c o n d e n s a t io n .
The h ig h e r  maximum o b ta in e d  w i t h  p ro p y le n e  g l y c o l  i s  due t o  t h e  
e f f e c t  o f  th e  s t r u c t u r e  o f  t h e  g l y c o l  w h ic h  i n c r e a s e s  t h e  r a t e  o f  
i s o m e r i s a t i o n  o f  t h e  g l y c o l  m ono(hyd rogen  m a le a t e ) s  ( n o t  t h e  p o ly m e r)  
a n d  d e c r e a s e s  t h e i r  r a t e  o f  e s t e r i f i c a t i o n .  The i n c r e a s e  i n  t h e  
maximum w i th  t e m p e r a tu r e ,  i s  due t o  t h e  h ig h e r  a c t i v a t i o n  e n e rg y  o f  
i s o m e r i s a t i o n  com pared  w i th  e s t e r i f i c a t i o n .  I n c r e a s i n g  t e m p e r a tu r e  
t h e r e f o r e  h a s  a  g r e a t e r  e f f e c t  on  th e  r a t e  o f  i s o m e r i s a t i o n ,  a n d  a  
h ig h e r  p e r c e n ta g e  i s o m e r i s a t i o n  i s  o b ta in e d  b e f o r e  t h e  r a t e  i s  r e d u c e d  
b y  e s t e r i f i c a t i o n .
15C u r t i s  an d  c o -w o rk e rs  a l s o  s u b s c r ib e d  t o  a  s t r a i n  t h e o r y  b u t
s u g g e s te d  t h a t  t h e  s t e r i c a l l y  h in d e r e d  m a le a te  fo rm  r e a c t e d  l e s s
r e a d i l y  w i th  th e  g l y c o l  t h a n  th e  fu m a ra te  fo rm . T h is  w o u ld  h e lp  t o
e x p la i n  why th e  i s o m e r i s a t i o n  o c c u rs  a t  a n  e a r l y  s ta g e  o f  t h e  p r o c e s s ,
b u t  c o n f l i c t s  w i th  o u r  r e s u l t s  w h ic h  show t h a t  m a le a te s  e s t e r i f y  m ore
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r a p i d l y  th a n  f u m a r a te s .  IT u ru n en  show ed t h a t  o c t y l  h y d ro g e n  m a le a te  
p ro d u c e d  f u m a r ic  a c id  on  h e a t in g  a n d  s u g g e s te d  t h a t  th e  i s o m e r i s a t i o n  
o f  p o l y e s t e r s  c o u ld  b e  due t o  t h e  p r e s e n c e  o f  f r e e  m a le ic  a c i d .  The 
p r e s e n t  w ork  h a s  c o n firm e d  th e  e x i s t e n c e  o f  f r e e  m a le ic  a c i d ,  b u t  
i n d i c a t e s  t h a t  h y d ro g e n  m a le a te s  a r e  m ore im p o r ta n t  t h a n  m a le ic  a c i d  
i n  th e  i s o m e r i s a t i o n  p r o c e s s .
One f u r t h e r  p o i n t  fro m  t h e  l i t e r a t u r e  i s  t h a t  p o l y e s t e r s  made 
fro m  m a l e i c / p h t h a l i c  m ix tu re s  h a v e  a  h ig h e r  d e g re e  o f  i s o m e r i s a t i o n
m a n  m o s e  maae rro m  rnaxexc annyctrxae a x o n e . xnxs n a s  Deen
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e x p la in e d  i n  te rm s  o f  m o le c u la r  s t r a i n  an d  i n  te rm s  o f  c a t a l y s i s  
23b y  p h t h a l i c  a c id  . T h is  l a s t  e x p la n a t io n  seem s u n l i k e l y  a s  p h t h a l i c  
a n h y d r id e  i s  ad d ed  t o  r e p l a c e  m a le ic  a n h y d r id e ,  an d  m a le ic  a c i d  i s  a  
s t r o n g e r  a c i d  th a n  p h t h a l i c  a c i d .
F ig u r e  4*3  *22 shows th e  1 s t  o r d e r  r a t e  o f  i s o m e r i s a t i o n  a t  150°* 
u n d e r  c o n d i t i o n s  l e a d in g  t o  a n  e s t e r i f i c a t i o n  e q iu l ib r i u m ,  o f  t h e  
g l y c o l /m a le i c  a n h y d rid e  1/1 p r o d u c t ,  a n d  th e  g l y c o l /m a le i c  
a n h y d r i d e /p h t h a l i c  a n h y d r id e  2 / l / l  p r o d u c t .  As c a n  b e  s e e n  th e  
p h t h a l i c  a n h y d r id e  d id  c a u se  th e  i n i t i a l  h ig h  r a t e  o f  i s o m e r i s a t i o n  
t o  b e  m a in ta in e d  f o r  l o n g e r .  F ig u r e  4 *3*23 shows t h e  same 
i s o m e r i s a t i o n s  a t  150°  * "but i n  t h i s  c a s e  t h e  e s t e r i f i c a t i o n s  w e re  
f i r s t  a l lo ? /e d  t o  p r o c e e d  t o  e q u i l ib r i u m  a t  50° •  T h ese  r e s u l t s  
c l e a r l y  show t h a t  th e  i n c r e a s e d  i s o m e r i s a t i o n  i n  t h e  p r e s e n c e  o f  
p h t h a l a t e  i s  due e n t i r e l y  t o  t h e  s lo w e r  r a t e  o f  e s t e r i f i c a t i o n  i n  
t h i s  c a s e .
The p r e s e n t  e x a m in a t io n  o f  t h e  r e a c t i o n s  o c c u r r in g  d u r in g  th e  
p r e p a r a t i o n  o f  u n s a tu r a t e d  p o l y e s t e r  r e s i n s  i n  te rm s  o f  a d d i t i o n  
e s t e r i f i c a t i o n ,  c o n d e n s a t io n  e s t e r i f i c a t i o n ,  an d  i s o m e r i s a t i o n  
w as u n d e r ta k e n  i n  o r d e r  t o  g iv e  a  s c i e n t i f i c  b a s i s  t o  a  com m ercial, 
p r o c e s s .  The o v e r a l l  p r o c e s s  i s  a  c o m p l ic a te d  one and  m uch s t i l l  
r e m a in s  t o  b e  done* The a u th o r  h o p e s  t o  b e  a b le  t o  c a r r y  on  w i t h  t h i s  
w o rk .
FIGURE 4* 3*22 «
e f f e c t  o f  p h t h a l a t e  
on  th e  i s o m e r i s a t io :
0*5 -
0*4 -
* g l y c o l  m a le a te  R 67 
+ g l y c o l  m a l e a t e / p h t h a l a t e  R 126
0.2  -
i s o m e r i s a t i o n s  a t  150
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FIGURE 4 .3 *  23*
e f f e c t  o f  p h t h a l a t e  
on  th e  i s o m e r i s a t i o n
.  *6 —
4 -
* g l y c o l  m a le a t e  R 93 
+ g l y c o l  m a l e a t e / p h t h a l a t e  ^  127
i s o m e r i s a t i o n  a t  150 
a f t e r  e s t e r i f i c a t i o n  a t  $0'
20
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5» Summary
The r e a c t i o n s  t h a t  o c c u r  d u r in g  t h e  co m m e rc ia l p r e p a r a t i o n  o f  
u n s a t u r a t e d  p o l y e s t e r  r e s i n s  hav e  b e e n  s t u d i e d .  A lth o u g h  m o st o f  th e  
w ork  w as c a r r i e d  o u t  w i th  t h e  s i m p l i f i e d  sy s te m  m a le ic  a n h y d r id e /  
e th y l e n e  g l y c o l ,  a  l i m i t e d  am ount o f  w ork w as a l s o  done v / i th  m o n o fu n c tio n  
a lc o h o l s  ( a s  m odel com pounds) an d  d i f u n c t i o n a l  com pounds o f  c o m m e rc ia l 
i n t e r e s t .  The m ain  r e a c t i o n s  s t u d i e d  w ere  th o s e  o f  a d d i t i o n  
e s t e r i f i c a t i o n  (b e tw e e n  th e  g l y c o l  a n d  th e  a n h y d r id e ) ,  c o n d e n s a t io n  
e s t e r i f i c a t i o n ,  a n d  i s o m e r i s a t i o n  ( o f  m a le a te  i n t o  f u m a ra te  
u n s a t u r a t i o n ) .
The a d d i t i o n  e s t e r i f i c a t i o n  o c c u r r e d  r a p i d l y  on ce  t h e  m a le ic  
a n h y d r id e  h a d  b e e n  m e l te d  an d  c o u ld  b e  s t u d i e d  in d e p e n d e n t ly  o f  t h e  
o t h e r  tw o r e a c t i o n s  i n  m ost c a s e s .  One d i f f i c u l t y  i n  s tu d y in g  t h e  
b u lk  r e a c t i o n  w as t h e  e x o th e rm ic  n a tu r e  o f  t h e  p r o c e s s .  T h is  w as 
overcom e b y  u s in g  s m a l l  sa m p le s  an d  b y  c o r r e c t i n g  t h e  d a t a  f o r  a n y  
te m p e r a tu r e  v a r i a t i o n .  A lth o u g h  th e  m a le ic  a n h y d r id e /e th y le n e  g l y c o l  
r e a c t i o n  a p p e a r e d  t o  f o l lo w  s im p le  2nd  o r d e r  k i n e t i c s  o v e r  a  w id e  
r a n g e  o f  r e a c t i o n  c o n d i t i o n s ,  i t  w as shown t h a t  t h e  p r o c e s s  w as a n  
a u t o c a t a l y t i c  2$ o r d e r  r e a c t i o n ,  w hen th e  c a t a l y s t  w as h y d ro g e n  io n s  
f ro m  th e  m a le a te  h a l f - e s t e r  p r o d u c t s .  A f u r t h e r  c o m p l ic a t io n  w as 
t h a t  e s t e r i f i c a t i o n  o f  one e n d  o f  t h e  g l y c o l  m o le c u le  r e d u c e d  t h e  
r e a c t i v i t y  o f  t h e  o t h e r  -OH g ro u p  b y  a  f a c t o r  o f  a b o u t  3 * I n  f a c t ,  
i t  was. t h e  c o m b in a tio n  o f  t h i s  e f f e c t  w i th  t h e  a u t o c a t a l y t i c  n a t u r e  
o f  t h e  r e a c t i o n ,  t h a t  made t h e  k i n e t i c s  a p p e a r  t o  b e  o f  s e c o n d  o r d e r .
The v a lu e s  o f  t h e  r e l a t i v e  r e a c t i v i t i e s  o f  t h e  -OH g r o u p s  w e re  o b t a in e d  
fro m  co m p u te r p ro g ram s t h a t  m a tc h ed  th e  e x p e r im e n ta l  r e s u l t s  t o  t h o s e  
p r e d i c t e d  f o r  a n  a u t o c a t a l y t i c  r e a c t i o n .  T h ese  r e a c t i v i t i e s  w ere  
a l s o  c o n f irm e d  in d e p e n d e n t ly  b y  n . m . r . ,  w h ic h  w as u s e d  t o  m e a su re  t h e  
am oun ts o f  t h e  v a r i o u s  p r o d u c ts  p r e s e n t  i n  a  r e a c t i n g  m ix t u r e .  The
k in e t ic s  were fu r th e r  com plicated by the r e v e rs ib le  n a tu re  of th e  
re a c t io n  and-by the  condensation e s t e r i f i c a t io n  th a t  fo llow ed i t .
The m onofunctional a lcohols 2-hydroxyethyl a c e ta te ,  2-m ethoxyethanol, 
and t e r t i a r y  b u tan o l, a lso  in d ic a te d  th e  ex isten ce  of a  2-g- order 
a u to c a ta ly tic  r e a c tio n , as d id  b u tan -2 ,3 “d io l .  For th e  methanol and 
hexan-i , 6- d io l  re a c tio n s  i t  was d i f f i c u l t  to  d is t in g u is h  between 2nd 
and 2 i  o rder k in e t ic s  due to  the  speed of th e  re a c t io n s .  The re a c t io n  
of propylene g ly co l (propan-i , 2-d io l)  -was a lso  c o n s is te n t w ith  the  
a u to c a ta ly tic  mechanism, bu t m athem atical treatm ent of th e  r e s u l t s  
was v ery  d i f f i c u l t  in  t h i s  case due to  the  v a rio u s  types o f -OH group 
p re s e n t .
Once th e  ad d itio n  e s te r i f i c a t io n  was complete th e  tem perature  
was r a is e d  to  s t a r t  the  condensation e s te r i f i c a t io n .  As th i s  r e a c t io n  
proceeded, a  number of s id e  re a c tio n s  a lso  occurred th a t  a f fe c te d  the 
r a t e .  The most im portant of th ese  was th e  iso m erisa tio n  p ro c e ss .
Because of th e  e f fe c t  of th i s  iso m erisa tio n  on the e s te r i f i c a t i o n  r a t e ,  
and th e  problem of th e  r e a c t iv i t i e s  of -OH groups on g ly c o l and g ly c o l 
m onoesters, i t  was d i f f i c u l t  to  produce m eaningful k in e t ic s  r e s u l t s  
f o r  th e  e s te r i f i c a t io n s ,  most o f which were c a r r ie d  out under 
co n d itio n s  th a t  led  to  the estab lishm ent of an eq u ilib riu m . The 
e s te r i f i c a t io n  to  equ ilib rium  o f hexan-1 , 6- d io l  (where the  -OH groups 
were f a r  enough ap art n o t to  a f f e c t  one another) and methanol (o n ly  
one type of -OH group), where only s l ig h t  iso m erisa tio n  occurred , 
in d ic a te d  a d e f in ite  2^ order re a c t io n . The n o n -lin ea r  graphs fo r  
e thy lene g ly c o l, propylene g ly c o l and b u tan -2 , 3~diol were due to  the 
d i f f i c u l t i e s  re fe r re d  to  above.
D irec t e s te r i f i c a t io n  of m aleic a c id  w ith  e thy lene g ly c o l showed 
a very  high r e a c t iv i ty  fo r  the  1 s t  -CO^H group compared w ith  th e  
second. A comparison of e s te r i f i c a t io n  of th e  two isom eric ac id s
showed th a t  m aleic a c id  re a c te d  about tw ice as f a s t  as fum aric a c id .
The a d d itio n  of p -to luenesu lphon ic  ac id  monohydrate in creased  th e  
r a t e  of e s te r i f i c a t io n  and th e  r a t e  was d i r e c t ly  p ro p o rtio n a l to  the  
amount of added a c id . K in etic  trea tm en t of the  r e s u l t s  was no t 
p o ss ib le  in  the  case of th e  e s te r i f i c a t io n  to  equ ilib riu m  as the  
e ffe c tiv e n e s s  of the  c a ta ly s t  was decreased by the w ater of condensation . 
The added ac id  a lso  had a marked e f fe c t  on a  secondary re a c t io n  which 
caused a  ra p id  downward d r i f t  in  the p o s it io n  of e s te r i f i c a t io n  
e q u ilib riu m .
The r a t e  of the iso m erisa tio n  re a c tio n  was shown to  be v e ry
dependent on th e  degree of e s te r i f i c a t io n .  T his i s  why most
experim ents were c a r r ie d  out under e s te r i f i c a t io n  eq u ilib riu m
/ “1 \c o n d itio n s . The a c tiv a tio n  energy fo r  th e  iso m erisa tio n  (102 k j  mol ) 
was found to  be h igher than th a t  of e s te r i f i c a t io n  (66 k j  mol ) .
Thus i t  was p o ssib le  to  study the  iso m erisa tio n  re a c t io n  independently  
of th e  e s te r i f i c a t io n ,  by allow ing th e  e s te r i f i c a t io n  to  proceed to  
eq u ilib riu m  a t  50° befo re  heating  th e  product to  h ig h er tem peratures 
fo r  iso m erisa tio n  s tu d ie s .  The iso m erisa tio n  was found to  be 2nd 
order overa.ll (as determ ined by d i lu t io n ) ,  bu t 1 s t  o rder w ith  re s p e c t  
to  m alea te•
The iso m erisa tio n  was c a ta ly se d  by p-to luenesu lphon ic  a c id  
monohydrate, bu t the  e f f e c t  of th e  c a ta ly s t  on th i s  re a c t io n  was 
much le s s  than  the  e f f e c t  i t  had on the  e s te r i f i c a t io n  r e a c t io n .  The 
a c t iv a t io n  energy of iso m erisa tio n  was no t a l te re d  by the  ad d itio n  
o f th i s  c a ta ly s t ,  and' the c a ta ly sed  r a te  of re a c t io n  was d i r e c t ly  
p ro p o rtio n a l to  the c a ta ly s t  c o n cen tra tio n .
The iso m erisa tio n  of the  g ly c o l mono (hydrogen m aleate) s was 
shown to  be v ery  dependent on th e  s tru c tu re  of the g ly c o ls  used..
The r e l a t iv e  r a te s  of the  iso m erisa tio n  of the  mono(^hycrogen m aleate; s 
from b u tan -2 , 3“d io l ,  propylene g ly c o l, and ethylene g ly c o l were 200,
10 and 1 re sp e c tiv e ly . These r e s u l t s  werd exp lained  in  term s of the  
fo rm ation  of an in term ed ia te  by a tta c k  of the  jS-CH group on the 
=CH- group. P a r t i a l ly  e s te r i f i e d  g ly c o l m aleates and hydrogen 
m aleates from m onofunctional a lcoho ls  (m ethanol, b u ta n o ls , and 
27-inethoxyethanol) or a  longer chain  g ly c o l (hexan-1 , 6-d io l)  gave slower 
r a te s  of iso m erisa tio n  of th e  hydrogen m aleate groups, which -were 
much le s s  dependent on th e  s tru c tu re s  of the  a lco h o ls  and glycol, 
u sed . The r a te  of iso m erisa tio n  of low m olecular w eight polymers 
decreased w ith  increase  in  m olecular w eight (w ith  decrease in  
co n cen tra tio n  of hydrogen m aleate g roups).
P a r t i a l  s u b s t i tu t io n  of p h th a lic  anhydride fo r  m aleic anhydride 
in  th e  re a c tio n  m ixture produced a lower r a te  of e s te r i f i c a t io n  of 
th e  m aleate and hence a h igher r a t e  o f iso m e risa tio n . The 
iso m erisa tio n  o f p r e - e s te r i f ie d  m ixtures was no t a f fe c te d  by th e  
p a r t  s u b s t i tu t io n  of p h th a lic  anhydride.
The iso m erisa tio n  v/as a lso  shown to  be an eq u ilib riu m  process 
b u t ' conversions to  fum arate of g re a te r  than  95/  ^were ob ta ined  a t  
tem peratures below 200° •
APPENDIX 1
A b b rev ia tio n s  of s t r u c tu r a l  form ulae
A lcohols
-E -  e t h a n - l ,2- d io l
- P -  p ro p a n -1 ,3 -d io l
-H - hexan -1 , 6- d io l
th e  dashes in d ic a te  th e  p resen ce  of -OH g roups.
M- m ethanol
E- e th an o l
P - p ropano l (n -p ro p y l a lc o h o l)
B- b u tan o l (n -b u ty l  a lc o h o l)
P h- phenol
—P S — ”|
p r o p a n - l ,2- d io l  (p ropy lene g ly c o l)
- s P -
- sB s -  b u ta n -2 , 3- d io l
B s- 1-m eth.ylpropanol ( s - b u ty l  a lc o h o l)
B t-  1 ,1 -d im e th y le th a n o l ( t~ b u ty l  a lc o h o l)
s -  and t -  in d ic a te  a secondary  and a t e r t i a r y  -OH group r e s p e c t iv e ly
Acids
-M- m aleic  ac id
-P -  fum aric  ac id
-P h -  p h th a l ic  ac id
A- a c e t ic  ac id
the  u n d e r lin in g  i s  to  avoid any p .ossib le  co n fu sio n  w ith  th e  a lc o h o ls
A nhydrides
^  m aleic  anhydride
^Ph* p h th a l ic  anhydride
E s te r s  and E th ers
th e  form ulae f o r  th e se  in v o lv e  th e  com bination o f th e  above form ulae
-M-E-M- e th y len e  b is(h y d ro g en  m alea te )
M-E-M- m ono(2-m ethoxyethyl)m aleate
M-E-E-M d ie th y le n e  g ly c o l d im ethyl e th e r
-sP-M - mono(l-m e th y l-2 -h y d ro x y e th y l)m aleate
-E-M- m ono(2-hydroxyethyl)m aleate
”-E-M-H g ly c o l m aleate
th e  in v e r te d  commas im ply a m ix tu re  hav ing  th e  e m p iric a l com position
shown. Thus th e  r e a c t io n  betw een e th y len e  g ly c o l and m ale ic  an h y d rid e
can be w r i t te n  a s s -
-E -  + x -E-M- + z -M-E-M- + (z  u n re a c te d  -E - )
o r u s in g  th e  above symbol a s s -
-E -  + —-5* n -E-M-11
M iscellaneous
Me^NE- 2 -d im ethy lam inoethanol
G ly- g ly c o l l ic  a c id
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